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Abstract 
This thesis develops the understanding of microstructure formation in binary Sn-Ni 
alloys during solidification and during soldering. 
Where past research has found metastable NixSny phases after solid-state ageing of 
Ni-Sn couples, it has been shown for the first time in this work that metastable NiSn4 
forms in the Sn-Ni system during (i) solidification of Sn-rich Sn-Ni alloys as both a 
primary and a eutectic phase, (ii) soldering of Sn-Ni alloys to Ni-containing 
substrates as the βSn-NiSn4 eutectic and (iii) during storage of Sn-Ni electroplated 
couples as the interfacial intermetallic layer. It has been shown that NiSn4 is an 
orthorhombic phase with a superstructure closely related to oC20-NiSn4 and that 
NiSn4 is a metastable compound at all temperatures relevant to soldering. 
Furthermore, it has been shown that a second metastable phase, Ni3Sn7, forms 
occasionally during solidification. 
The research has concluded on the following reasons for NiSn4 formation: (i) NiSn4 
has growth advantages over equilibrium Ni3Sn4 due to easier interface attachment 
kinetics; (ii) the existence of a low planar lattice disregistry (~5%) between NiSn4 and 
Sn results in highly reproducible low energy NiSn4/Sn  orientation relationships; 
and (iii) Fe impurity levels typical for commercial purity solders result in FeSn2 
crystals that act as heterogeneous nucleation sites for NiSn4.  
Investigation of Sn-Ni electroplated couples showed that the interfacial layer is 
metastable NiSn4 initially and that Ni3Sn4 nucleates and grows to consume the NiSn4 
layer with time at temperature. A similar study on Sn-Ni solder joints showed that 
the interfacial layer is always Ni3Sn4. The results suggest that, in electroplated 
couples, metastable NiSn4 nucleates on βSn due to the low planar disregistry 
between the phases. In contrast, during soldering the interfacial intermetallic 
nucleates on the Ni substrate when the solder is liquid and the metastable NiSn4 has 
no nucleation advantages over equilibrium Ni3Sn4. 
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Chapter 1  
Introduction 
Soldering is an ancient technique of joining materials first employed in Mesopotamia 
about 5000 years ago, actively used by ancient Romans to connect the pipes while 
building aqueducts and later implemented to join jewellery parts or to attach 
handles to vessels [1]. The soldering materials were rather costly and the soldering 
itself was considered to be an art.    
Today, soldering is a technological process of obtaining a joint of two or more metal 
parts by filling the gap between them with a metal having a relatively low melting 
point (i.e. Figure 1.1C-D). The metal parts (substrates) with the solder between are 
heated to temperatures above the solder melting point resulting in (i) wetting of the 
substrate surface with the liquid solder, (ii) partial dissolution of the substrate; (iii) 
chemical reaction to produce intermetallic layer(s) and (iv) formation of solid 
metallic bonding between the solder and substrate upon solidification [2]. After the 
solder cools, the resulting joint is not as strong as the base metals, but has adequate 
mechanical strength and electrical conductivity.  
 
 
 
 
 
 
 
Figure 1.1. Lengthscales in microelectronic soldering. (A): electronic device; (B): active component 
(processor) soldered to a printed circuit board (PCB); (C): cross-section of a solder joint; (D): 
interfacial area (1) between the solder and the substrates [3] 
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In electronic manufacturing, solders have been extensively used to form electrical 
interconnections between electronic components, to facilitate heat dissipation from 
active devices, to provide mechanical/physical support, and to serve as a solderable 
surface finish layer on printed circuit boards (PCBs) and lead frames. Figure 1.1 is an 
example of an electronic solder joint through the relevant length scales. 
The history of lead-containing solders in the electronics industry counts more than 
five decades and proved their high manufacturability and reliability for most 
electronic applications (consumer electronics, medical equipment, and military and 
aerospace electronics). 
However, lead has been ranked as one the most hazardous chemical elements giving 
rise to health and environmental concerns. As a consequence, lead-containing 
materials have been banned from use in electronic products sold on the European 
market since July 1, 2006 [3]. The reasons for the transition to lead free technologies 
in the electronics industry can be classified as follows: (i) impact on human health, 
(ii) impact on the environment (RoHS and WEEE directives [3]) and (iii) demands for  
solder joint stability in high temperature applications. At the same time, high-Pb 
solders (e.g. Pb93.5Sn5Ag1.5) have been RoHS-exempt as high-T soft solders 
(operation T ~ 200C) because the electronics industry has argued that no Pb-free 
alternative can provide comparable joint integrity in applications such as die 
attached power devices.  These high-Pb solders are also used in step soldering where 
solders with successively lower liquidus temperature are used in each step.  
More than 16 years of research have generated alloys to replace the traditional Sn-Pb 
solders and ternary and quaternary near-eutectic alloys based on Sn, Cu, Ag and/or 
Ni are widely used in the electronics industry today. However, none of the proposed 
compositions can be considered as a direct replacement for the traditional Pb-
containing solder. Hence, continuous research into understanding the solderability, 
mechanical behaviour and reliability is on-going.  
During the transition to Pb-free solders, Sn-Ag-Cu (SAC) and SAC-X (where X is a 
minor alloying element) alloys have been the most widely used soldering systems in 
the consumer microelectronic industry. However, Nihon Superior Co. Ltd. marketed 
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a completely different solder SN100C (Sn-0.7Cu-0.05Ni+Ge), which has had great 
commercial success, particularly as a wave solder for consumer electronics. SN100C 
was first implemented in 1999 and more than 1.5 billion electronic products have 
been assembled using this composition to date [3]. One factor in the success of 
SN100C has been its higher fluidity than SAC305, allowing SN100C to drain better 
during wave soldering and reduce bridging and icicles [4]. Additionally, SN100C 
has been shown to decrease the occurrence of shrinkage related defects; and, in 
contrast to the SAC alloy family, it has higher ductility and slower initial growth of 
interfacial intermetallic during ageing [3].  
At the same time, the overall importance of Ni in soldering is increasing. Firstly, 
nickel is becoming more regularly used as a diffusion barrier between Cu and Sn or 
Sn-based solder alloys to prevent or slow the formation of Cu3Sn and Cu6Sn5 
intermetallics during soldering or to prolong the shelf life of PCBs with solderable 
tin plated surface finish. The Ni coating is often applied in the form of electroless 
nickel immersion gold (ENIG), where the electroless nickel process results in a 3µm 
to 6µm Ni-P layer containing ~15 at.% P, and a>50 nm Au capping layer is added for 
oxidation resistance. ENIG is a widely used surface finish in lead-free soldering, 
with advantages including long shelf life and good planarity suitable for small pads 
and ball grid arrays (BGAs). Alternatively, the Ni coating is sometimes applied in 
the form of electroplated nickel, which can bring advantages such as lower 
resistivity compared with ENIG.  Second, in addition to the Ni diffusion barrier 
layer, Ni is also used as an alloying element in solders (e.g. SN100C) which provides 
a supplementary source of nickel during the formation of Ni-containing intermetallic 
compounds in the solder joint bulk and at the substrate interface.  
Both the use of Ni-based substrates and alloys such as SN100C require a developed 
understanding of microstructure formation in the Sn-Cu-Ni system and its 
correlation with the properties of a solder joint. Phase formation and growth in the 
Sn-Cu-Ni system cannot be understood without comprehensive understanding of its 
binary components Sn-Cu and Sn-Ni.  The Sn-Cu system is quite well researched to 
date [5], whereas the Sn-Ni system remains to be comprehensively explored [6]. 
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1.1. Motivation and Aims 
Nihon Superior Co. Ltd. developed Sn-0.7Cu-0.05Ni in 1999 and established this Pb-
free solder in the industry under the name SN100C.  They realized that whilst the 
Sn-Cu and Sn-Cu-Ag solder systems were comprehensively investigated and 
relatively well understood, few reports on solidification behaviour in the Sn-Ni or 
Sn-Cu-Ni systems were available in the literature. Nihon Superior Co. Ltd. therefore 
funded this PhD project to supplement their research on Sn-Cu-Ni solders. 
This project seeks to develop the understanding of microstructure formation in 
binary Sn-Ni alloys under both controlled solidification conditions and soldering 
conditions and to build a foundation from which the understanding of solidification 
and soldering in the ternary Sn-Cu-Ni system can be developed.  
The research focuses on three areas: 
Part I.  Solidification of Sn-rich Sn-Ni alloys.  This part seeks to understand 
metastable and equilibrium phase formation in the Sn-Ni system under various 
solidification conditions; A particular focus is on understanding the causes for 
metastable phase formation in the system. 
Part II. Solder reactions.  This part aims to understand microstructure formation 
during soldering of Sn-Ni alloys to Ni-containing substrates, with a focus on both 
the solder joint bulk and interfacial zone evolution during solid-state ageing. 
Part III. Solid state interfacial reactions in Sn/Ni electroplated layers. This part 
investigates interfacial zone evolution in Sn/Ni electroplated couples during storage 
at elevated temperatures, with the aim of understanding the causes for metastable 
phase growth in the system. 
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1.2. Thesis structure 
This thesis is a broad study of solidification and soldering in the Sn-Ni system 
consisting of nine Chapters and four Appendices. Chapter 1 is the introduction, 
containing the motivation, the aims of the study and the thesis structure. 
Chapter 2 is a literature review of published research on phase equilibria, phase 
transformations and soldering in the Sn-Ni system.  It identifies areas of interest and 
uncertainties that are then studied in Chapters 3-8.  
Chapter 3 investigates whether any of the reported non-equilibrium Sn-Ni phases 
form during the solidification of Sn-rich Sn-Ni alloys. SEM-EDX is coupled with 
EBSD to show for the first time that three NixSny intermetallics can form during 
solidification of Sn-Ni alloys: Ni3Sn4, NiSn4 and Ni3Sn7 instead of expected one [6].  
Chapter 4 studies the nucleation behaviour of Sn-Ni alloys and explores the causes 
and mechanisms of metastable NiSn4 formation during solidification.  A metastable 
Sn-NiSn4 eutectic is shown to grow over a wide range of solidification conditions. 
Two distinct reproducible orientation relationships (ORs) are determined, both with 
low Sn-NiSn4 lattice disregistry and it is shown that metastable NiSn4 has significant 
growth advantages over equilibrium Ni3Sn4.   
Chapter 5 demonstrates for the first time that the majority of eutectic that forms in 
the bulk solder during soldering of Sn and Sn-Ni alloys to CP-Ni, HP-Ni, ENIG and 
Fe-42Ni substrates is, in each case, Sn-NiSn4 and not Sn-Ni3Sn4 as would be expected 
from the equilibrium phase diagrams in the literature.  
Chapter 6 investigates the role of Fe impurities during solidification. It is 
demonstrated that, in commercial purity Sn-Ni alloys, FeSn2 crystals  act as 
heterogeneous nucleation sites for NiSn4, with an orientation relationship which has 
a lattice mismatch of only ~2%. 
Chapter 7 confirms that NiSn4 and Ni3Sn7 are metastable phases at all temperatures 
relevant to soldering. The NiSn4 → Ni3Sn4 + Sn transformation is studied from both 
a microstructural viewpoint and a quantitative macroscopic kinetics perspective.  
The kinetics were well-approximated by Johnson-Mehl-Avrami-Kolomogorov 
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(JMAK) kinetics with an Avrami exponent close to unity and it is shown that the 
alloy purity significantly affects the reaction rate. 
Chapter 8 compares the evolution of the interfacial zone in Sn/Ni solder joints and 
electroplated Sn/Ni layers. It is shown that metastable NiSn4 forms at the interface 
in Sn/Ni electroplated layers but not Sn-Ni soldered joints. A T-T-T diagram is 
developed for the transformation of the NiSn4 layer into Ni3Sn4 during ageing in the 
interval RT-220°C. Metastable NiSn4 formation in electroplated Sn/Ni couples is 
concluded to be due to nucleation of NiSn4 on electrodeposited βSn at the Ni-βSn  
interface due to the low lattice disregistry of ~5%.  
Chapter 9 summarizes the major findings of this work and suggests directions for 
further research. 
The Appendices list the invariant reactions in the Sn-Ni system, give a summary of 
past research on the Sn-Ni phase diagram with emphasis on the Sn-rich corner, 
provide the compositions of the starting materials used in the thesis and cooling 
curve analysis data. 
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1.3. Publications 
Chapters 4, 5, 6 and 7 contain research, which has been published in the following 
journals during the PhD project: 
1. Belyakov, S. A. and  C. M. Gourlay (2013) Role of Fe impurities in the 
nucleation of metastable NiSn4. Intermetallics, 37: 32-41; 
2. Belyakov, S. A. and C. M. Gourlay (2012) NiSn4 Formation in as-Soldered Ni-
Sn and ENIG-Sn Couples. Journal of Electronic Materials, 41(12): 3331-3341;  
3. Belyakov, S. A. and  C. M. Gourlay (2012) NiSn4 formation during the 
solidification of Sn-Ni alloys. Intermetallics, 25: 48-59; 
 
Additionally, two oral presentations and a poster based on this work were given at 
the following international conferences: 
“Microstructure formation and phase stability in Sn-rich Sn-Ni alloys”. Oral 
Presentation, in Phase Stability, Phase Transformations, and Reactive Phase 
Formation in Electronic Materials XI. 141st TMS Annual Meeting and Exhibition 
(TMS 2012), Orlando, Florida, USA 11th-15th March 2012. 
“Metastable intermetallics in Sn-Ni couples”. Oral Presentation, in Phase Stability, 
Phase Transformations, and Reactive Phase Formation in Electronic Materials XII. 
142nd TMS Annual Meeting & Exhibition (TMS 2013), San Antonio, Texas, USA 3rd-
7th March 2013. 
“Metastable intermetallics in Sn-Ni solders”. Poster, in Pb-free Solders and Emerging 
Interconnect and Packaging Technologies. 142nd TMS Annual Meeting & Exhibition 
(TMS 2013), San Antonio, Texas, USA 3rd-7th March 2013. 
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Chapter 2 
Literature review 
2.1.  Phase equilibria in the Ni-Sn system 
The first studies to characterize the Ni-Sn system date back to the beginning of the 
20th century [7, 8]. The system was subjected to intensive research in the 1930 – 1940s 
[9-11], it was then comprehensively reassessed in 1985 [12] and the most recent 
experimental investigation was performed in 2007 [6], leading to the Sn-Ni 
equilibrium phase diagram shown in Figure 2.1. 
 
Figure 2.1. Sn-Ni equilibrium phase diagram according to Schmetterer et al. [6] 
To date the system is characterized by three eutectic, one peritectic, three eutectoid, 
three peritectoid and three congruent reactions as summarized in Appendix 1. There 
are, however, still some discrepancies and missing data. For example, research is 
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ongoing to confirm details of the low temperature Ni3Sn2 superstructure phases, 
their phase boundaries and their transformations. Additionally, data for the Sn-rich 
end is not consistent as discussed next.  
Research on the Sn-Ni system has mainly concerned the Ni-rich end and the 
intermediate phases [6, 9], whereas Sn-rich compositions have not been considered 
in detail. For example, when constructing the phase diagram in Figure 2.2, 
Schmetterer et al. [6] accepted the experimental data from Massalski et al. [13] who 
adopted the data from Nash and Nash who, in turn, accepted the data reported by 
[7-9, 11, 14], which refers back to 1890 – 1940s, as summarized in Appendix 2. Figure 
2.2 compares recent versions of the Sn-rich end of the Sn-Ni equilibrium phase 
diagram.  
Figure 2.2(A) is compiled by Okamoto [15] and refers to the experimental data 
obtained at the beginning of the 20th century. Figure 2.2(B) and (C) [16, 17] were 
derived by means of thermodynamic modelling based on the same early 
experimental results [8, 9, 11]. Figure 2.3(A)-(C) are the same data as Figure 2.2 
replotted on the same axes for clarity. 
           
Figure 2.2. Sn-rich corner of the Sn-Ni equilibrium phase diagram according to: (A) Okamoto 
(experimental) [15]; (B); MTDADA NPL database (calculated); (C) Ghosh (calculated) [16] 
B 
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Figure 2.3.  Sn-rich corner of the Sn-Ni equilibrium phase diagram replotted on the same axis. (A) 
Okamoto [15]; (B); MTDATA NPL database; (C) Ghosh [16]  
All the authors agree that the eutectic reaction is L → (Sn) + Ni3Sn4 and that Ni has 
negligible solubility in (Sn) [15, 16]. However, there are uncertainties in the eutectic 
temperature and significant differences in the eutectic composition, with Figure 
2.3(C) having a eutectic composition almost twice that in Figure 2.3(B). 
2.1.1. Equilibrium phases 
The most recent data on the equilibrium phases in the Sn-Ni system as summarized 
in [6] are shown in Table 2.1. Three intermetallic phases exist: Ni3Sn, Ni3Sn2 and 
Ni3Sn4 [6, 12], with the first two having allotropic modifications. 
Table 2.1. Homogeneity range and crystallographic data of the phases in the Sn-Ni system 
Phase Homogeneity range (at% Sn) Pearson symbol Space group Prototype 
(Ni) 0 – 10.7 cF4 Fm3-m Cu 
Ni3Sn HT 24.1 – 26.3 cF16 Fm3-m BiF3 
Ni3Sn LT 24.8 – 25.5 hP8 P63/mmc Ni3Sn 
Ni3Sn2 HT 36.7 – 44.0 hP6 P63/mmc InNi2 
Ni3Sn2 LT’’ ≈ 38.3 – 39.0 Not available Not available Not available 
Ni3Sn2 LT 39.3 – 41.1 oP20 Pnma Ni3Sn2 
Ni3Sn2 LT’ 41.25 – 42.5 Not available Not available Not available 
Ni3Sn4 53.0 – 57.0 mC14 C2/m Ni3Sn4 
(β-Sn) 100 tI4 I41/amd β-Sn 
(α-Sn) 100 cF8 Fd3m α-Sn 
Metastable phases 
Ni3Sn martensite  oP8 Pmmn β-Cu3Ti 
 
 
C B A 
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Ni3Sn phases 
The Ni3Sn HT phase crystallizes in the cubic cF16-BiF3 structure. It cannot be 
quenched because high cooling rates result in the formation of Ni3Sn martensite with 
oP8-β-Cu3Ti crystal structure, whereas low cooling rates lead to the formation of the 
stable LT  hP8-Ni3Sn phase [6]. Since there is no group/subgroup relation between 
HT (Fm3-m) and LT (P63/mmc) Ni3Sn phases, the reaction Ni3Sn HT ↔ Ni3Sn LT is 
considered to be of first order [6].  
Ni3Sn2 phases 
The Ni3Sn2 HT phase has a B8-type structure (space group P63/mmc with prototype 
B81-NiAs/B82-Ni2In). In an ideal B81-NiAs structure, As atoms form a hexagonal 
sublattice and Ni atoms occupy all octahedral interstices. In an ideal B82-Ni2In, In 
atoms form a HCP substructure with Ni(1) atoms occupying the octahedral sites and 
Ni(2) atoms occupying the tetrahedral positions [18]. Ni3Sn2 HT is intermediate 
between these structures with Sn on an HCP sublattice, Ni on 100% octahedral sites 
and on 50% of tetrahedral sites [19]. The wide homogeneity range of Ni3Sn2 HT 
phase (36.7 – 44.0 at%Sn) may be caused by a high degree of filling of the tetrahedral 
interstices by Ni atoms [18]. 
It is common for crystals with B8-type structure to undergo superstructure ordering 
at lower temperatures [20]. The Ni3Sn2 LT phase is considered to be the 
superstructure derived from ‘disordered’ Ni3Sn2 HT phase. Ni atoms are ordered on 
Ni(2) sites, whereas other atoms are displaced from their positions in the B82-Ni2In to 
create the oP20-Ni3Sn2 structure [18]. According to recent investigations, the 
orthorhombic oP20-Ni3Sn2 LT is a ‘lock in’ phase between two additional 
orthorhombic phases LT’ and LT’’ [6], the crystallography of which is rather unclear. 
Ni3Sn2 HT ↔ Ni3Sn2 LT transition is considered to be of the first order [18]. 
Ni3Sn4 phase 
The Ni3Sn4 phase has monoclinic mC14 crystal structure with occupancy factors for 
all sites of 100%. It has no allotropic modifications, and similar to Ni3Sn2, it has a 
wide homogeneity range of 53.0 – 57.0 [6]. Jeitschko et al. [21] determined that the 
homogeneity range occurs by Sn atoms occupying Ni sites and vice versa.  
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2.1.2. Other phases 
Beside the stable phases reported in phase equilibria studies, Ni3Sn7 [22], Ni3Sn8 [23], 
NiSn3 [24-29], NiSn4 [30-37] and NiSn9 [38] have also been reported. Figure 2.4 shows 
the measured compositions of the phases and the proposed stoichiometry.  They 
were observed in solid state heat treated or thermally-cycled Sn/Ni plated thin films 
[23, 25, 29, 31-35, 37], Sn/Ni diffusion couples [24, 26, 28] and solder joints in the ‘as 
soldered’ state [27, 36], all of which will be considered in detail in Section 2.3.4. 
There are no reported observations of bulk forms of these IMC compounds available 
to date. 
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Figure 2.4. Measured composition of reported ‘non-equilibrium phases’ including the stoichiometry 
proposed by each author. Compiled from references [23-31, 35, 36, 38, 39] 
Importantly, most of the proposed stoichometries for the ‘non-equilibrium phases’ 
are based on composition measurements without crystallographic investigations. It 
is therefore not clear whether Figure 2.4 contains five different phases, nor what each 
phase is. 
Two studies that did examine the crystallography are by Boettinger et al. [32] and 
Watanabe et al. [37]. Boettinger at al. [32] used EBSD to show that the phase with 
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composition Sn-20at%Ni (NiSn4) has prototype oC20-PtSn4 (Figure 2.5(A)) and 
determined the lattice parameters. Watanabe et al. [37] deduced that a phase with 
composition Sn~15at%Ni is tetragonal and determined lattice parameters via XRD. 
Ghosh [18] suspected that this tetragonal phase is tP10-AuSn4 (Figure 2.5(B)) and 
used density functional theory (DFT) to compare NiSn4 with Pearson symbol oC20 
and tP10. He showed that the thermodynamic stability of the two phases is very 
similar and calculated oC20-NiSn4 to be slightly more stable. He also suggests that 
there is a possible mechanism for a transformation from the oC20 to tP10 phase.  
      
Figure 2.5. (A): structural model of oC20-NiSn4. Crystal structure data from [39]; (a = 6.397Å, b = 
6.426Å; c = 11.381Å; α = γ = β = 90°); (B): structural model of tP10-NiSn4. Crystal structure data from 
[18]; (a = b = 6.156Å; c = 5.727Å; α = γ = β = 90°) 
Ghosh [18] does not mention Ni3Sn7 and Ni3Sn8, but does calculate the formation 
energies of a range of possible NiSn3 crystals as shown in Table 2.2. No experimental 
study has deduced the crystallography of a NiSn3 phase and Boettinger et al. [32] 
have suggested that the reported NiSn3 and NiSn4 phases may be the same phase. 
The crystallography of the experimentally observed metastable NiSn4 phase and 
virtual NiSn3 phases calculated to have low formation energy are shown in Table 2.2 
[18]. 
A B 
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Table 2.2. Crystallographic data of the metastable/virtual phases in the Sn-Ni system 
Phase 
Calculated 
energy of 
formation, 
kJ/Mol Atom 
[18] 
Pearson 
symbol Space group Prototype Reference 
Metastable phases  
NiSn4 -13.46 oC20 Aba2 AuSn4 [39] 
Virtual phases  
NiSn3 -5.45 oP8 Pmmn β-Cu3Ti 
[18] NiSn3 1.64 hP8 P63/mmc Ni3Sn 
NiSn4 -12.65 tP10 P4/nbm PtPb4 
Recently Chao et al. [36] have reported that Co additions can stabilize the NiSn4 
phase. In a phase equilibria study, they formed (Ni,Co)Sn4 containing  (2.7 – 3.3) 
at%Co after  36 weeks at 250°C. Since they did not measure the crystallography, it is 
not clear whether this is oC20-NiSn4 or tP10-NiSn4.  
There are a range of uncertainties regarding the Sn-rich end of the Sn-Ni equilibrium 
phase diagram and the Sn-rich ‘non-equilibrium’ phases in the Sn-Ni system. In 
particular, the following questions need to be clarified: 
1. Do the Ni3Sn7, Ni3Sn8, and NiSn3 phases exist? If so, what is the 
crystallography? 
2. Are the Ni3Sn7, Ni3Sn8, NiSn3 and NiSn4 phases metastable or do they have a 
range of equilibrium stability at low temperatures (below 200°C). 
3. Can any of the Ni3Sn7, Ni3Sn8, NiSn3 and NiSn4 phases be produced in bulk? 
4. What impurities promote or suppress the formation of Ni3Sn7, Ni3Sn8, NiSn3 
and NiSn4? 
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2.2.  Solidification of Sn-rich Sn-Ni alloys 
2.2.1. Nucleation of crystals from a melt 
2.2.1.1. Homogeneous nucleation 
The nucleation of crystals from a melt is associated with new solid-liquid interface 
formation. Below the liquidus temperature the solid phase has lower free energy 
than the liquid. However, the formation of a solid-liquid interface increases the free 
energy of the system. Assuming a nucleus with spherical shape, the following 
equation can be derived for the total change in free energy of the system due to 
nucleation [40]: 
∆𝐺 = −𝑉𝑆(𝐺𝑉𝐿 − 𝐺𝑉𝑆) + 𝐴𝑆𝐿𝛾𝑆𝐿 = −𝐿 ∆𝑇𝑇𝐸 43 𝜋𝑟3 + 4𝜋𝑟2𝛾𝑠𝑙  (2.1) 
where ∆G is the total change in free energy, Vs is the volume of solid sphere, 
𝐺𝑉
𝐿 and 𝐺𝑉𝑆 are the free energies per unit volume of liquid and solid respectively, ASL 
is the solid/liquid interfacial area, γsl is interfacial free energy (per unit area of the 
solid/liquid interface), L is the latent heat of fusion per unit volume, ∆T is the 
undercooling, TE is the equilibrium melting temperature and r is the nuclei radius.  
The first term on the right-hand side of equation (2.1), describing the free energy 
change in the system due to a volume of solid phase formed in the liquid increases 
as r3; whereas the second term describing the free energy change due to new 
interface formation, changes as r2.   The resulting free energy of the system during 
formation of a spherical nucleus with radius r is depicted in Figure 2.6 [40]. 
Differentiation of equation (2.1) gives the critical values of r and ∆G for which 
nucleation is stable: 
𝑟∗ = �2𝛾𝑠𝑙𝑇𝐸
𝐿
�
1
Δ𝑇
;      Δ𝐺∗ = �16𝜋𝛾𝑠𝑙3𝑇𝐸2
3𝐿2
� �
1
Δ𝑇
�
2
     (2.2) 
It can be seen how the amount of undercooling ∆T influences the critical nuclei 
radius and the critical value of the free energy of the system in Figure 2.7. The 
average number of clusters n of radius r (r ≤ r*) in a liquid can be defined by the 
following expression [41] 
𝑛 = 𝑛0𝑒𝑥𝑝 �− ∆𝐺𝑘𝑇�     (2.3) 
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 Figure 2.6.  Dependence of the system free energy on the nuclei radius. ∆G* is the nucleation barrier 
and r* is the critical nuclei radius, [40] 
where n0 is the total number of atoms in the liquid and ∆G is the excess free energy 
associated with a cluster formation. The probability of existence of a cluster with 
radius r in the liquid decreases exponentially as r increases; and for every 
temperature there is a maximum cluster size r max which can exist in the liquid 
(Figure 2.7). 
 
Figure 2.7. r* and r max dependence on the amount of undercooling ∆T, [40] 
From analysis of equation (2.1) the following conclusions can be drawn: 
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- The creation of small particles of solid in the melt always results in a free 
energy increase in the system.  
- For every undercooling ∆T there is a critical nucleus radius r* corresponding 
to the maximum excess energy. 
- Clusters with r < r* (embryos) tend to dissolve in the liquid in order to 
minimize the free energy of the system whereas clusters with r > r* (nuclei) 
continue to grow.  
From a kinetic point of view, nucleation is a thermally activated process [42] so that 
the number of clusters that reach the critical size r* can be described by the Maxwell-
Boltzmann distribution [40]: 
𝐶∗ = 𝐶0 exp �− ∆𝐺∗𝑘𝑇 �   clusters m-3,    (2.4) 
where C* is the number of clusters that reach the critical size and C0 is the number of 
the atoms per unit volume of the melt.  If we denote the frequency of the event of 
addition of an extra atom to these clusters to form a stable nucleus as f0, the 
nucleation rate can be described by the following equation [40]: 
𝑁 = 𝑓0𝐶0 exp �− ∆𝐺∗𝑘𝑇 � =  𝑓0𝐶0 exp �− 𝐴(∆𝑇)2�  nuclei m-3 s-3,    (2.5) 
where      𝐴 = 16𝜋𝛾𝑠𝑙3𝑇𝐸2
3𝐿2𝑘𝑇
   (2.6) 
Typically large undercoolings of > 100 K are required for homogeneous nucleation 
[41]. 
2.2.1.2.  Heterogeneous nucleation 
Considering equation (2.2) for ∆G, it can be seen that the critical value of the Gibbs 
energy of the system (activation energy for crystallization) can be lowered by the 
reduction of the interfacial energy term. This can be achieved by introducing a 
suitable solid-liquid interface into the melt such as mould walls or insoluble phases, 
which can serve as a substrate promoting nucleation [41]. Crystallization can occur 
on a substrate surface if it is wetted by the liquid. The smaller the wetting angle 
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(Figure 2.8), the lower the interface energy between the solid substrate and growing 
solid phase [41].    
 
Figure 2.8. Wetting angle θ between the substrate (mould) and the solid phase, [40] 
In case θ = 180°, the substrate does not introduce significant change to the nucleation 
process. The wetting angle depends on the similarity in the crystallography of the 
substrate and growing solid phase, and also depends on the chemical nature of the 
substrate surface [41]. The amount of undercooling needed for crystallization 
depends on θ and reduces with decreasing wetting angle. It can be shown [40] that: 
∆𝐺ℎ𝑒𝑡 = �−𝐿 ∆𝑇𝑇𝑒 43 𝜋𝑟3 + 4𝜋𝑟2𝛾𝑠𝑙� 𝑆(𝜃) = ∆𝐺ℎ𝑜𝑚𝑆(𝜃)     (2.7) 
where     𝑆(𝜃) = (2 + 𝑐𝑜𝑠𝜃)(1 − 𝑐𝑜𝑠𝜃)2/4     (2.8) 
by differentiation of equation (2.7) with respect to radius, the turning point can be 
obtained: 
𝑟∗ = �2𝛾𝑠𝑙𝑇𝐸
𝐿
�
1
Δ𝑇
;      Δ𝐺∗ = �16𝜋𝛾𝑠𝑙3𝑇𝐸2
3𝐿2
� �
1
Δ𝑇
�
2
𝑆(𝜃)     (2.9) 
Comparing the two situations of homogeneous and heterogeneous nucleation it can 
be seen from Figure 2.9 that the activation energy for heterogeneous nucleation is 
smaller than that for the homogeneous nucleation by S(θ). At the same time, the 
critical nucleus radius r* remains unaffected by the presence of solid substrates in 
the liquid and is only dependent on the amount of the undercooling applied to the 
system. 
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 Figure 2.9. Comparison of the nucleation barrier  
for homogeneous and heterogeneous nucleation, [40] 
Comparing equations (2.2) and (2.9) it can be seen that heterogeneous nucleation 
starts at much lower undercoolings compared to the homogeneous case.  
2.2.1.3.  The role of crystallography in heterogeneous nucleation 
When two different crystal lattices with different parameters are brought into 
contact, three different situations along the contact interface may occur.  
(i) when lattice continuity across an interface is maintained, the interface is 
coherent (Figure 2.10(A,B)). This can be achieved if the contacting phases 
have the same atomic configuration at the interface and are oriented in a 
certain way. This particular orientation for achieving a coherent interface is 
called orientation relationship (OR) and requires close packed planes and 
directions in contacting phases to be parallel [40].  
(ii) when the lattice continuity across the interface plane is partially disturbed 
due to different atom spacing in contacting phases, the interface can be 
semicoherent or incoherent (Figure 2.10(C)). Semicoherent interfaces are 
characterized by misfit edge dislocations that arise from the strain of 
accommodating the lattice misfit [40]. 
(iii) if the atomic configuration between two joining phases is significantly 
different, the interface is incoherent (Figure 2.10(D)). 
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Epitaxial growth can typically occur when the lattice misfit is < 10% [43] and the 
interfacial energy rises with the increase of the interfacial incoherency [40].  A 
difference in interatomic spacing of more than 25% typically results in an incoherent 
interface. 
 
 
 
 
Figure 2.10. (A) Coherent interface of phases with the same crystal lattices but different chemical 
composition; (B) coherent interface of phases with different crystal structure; (C) semicoherent 
interface: the misfit along the interface is accommodated by edge dislocations; (D) incoherent 
interface, [40] 
Wetting angle. Reviewing reports on wetting angles for different systems, 
Povstenko [44] has noted that wetting angles are dependent on how close packed the 
lattice plane of the substrate is, and that the difference in contact angle may reach a 
factor of 3 for more densely packed planes in some systems [44]. For example, for the 
system Ge substrate – molten In the wetting angle has been shown to depend on 
crystal planes according to: θ(111) < θ(110) < θ(100) for a wide temperature range. 
From the above, it can be seen that in determination of a phase as a potent nucleant, 
the following factors are essential: (i) a nucleant should have similar crystal lattice 
parameters (should be able to form coherent or semicoherent interface) with the 
matrix material; (ii) the interfacial energy between the nucleant and the melt should 
be higher than that between the nucleated solid and the melt. From a wetting angle 
perspective, it is highly likely that nucleation of a phase starts on the densely packed 
planes of the nucleant.  
Bramfitt “Planar Lattice Disregistry” model. A crystallographic model for 
quantitative assessment of nucleant potency was proposed by Bramfitt [45] in 1970. 
He investigated the influence of the 20 potential nucleants on nucleation of δ-Fe [45]. 
Bramfitt showed that the most potent nucleants have the lowest degree of lattice 
a b c d 
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disregistry with the δ-Fe matrix with the best nucleants having a disregistry of 4 and 
6% in this study. He also observed that the amount of nucleation undercooling is a 
parabolic function of the degree of lattice disregistry between the introduced 
substrates and the nucleating phase (Figure 2.11).  
 
Figure 2.11. Dependence of the nucleation undercooling of liquid iron on the degree of lattice 
disregistry between the substrate and the nucleating phase (δ-Fe) , [45]  
Bramfitt built upon the “linear disregistry equation” proposed by Turnbull-
Vonnegut to develop the planar disregistry equation in equation (2.10): 
𝛿(ℎ𝑘𝑙)𝑛(ℎ𝑘𝑙)𝑠 = ∑ |�𝑑[𝑢𝑣𝑤]𝑠𝑖 𝑐𝑜𝑠𝜃�−𝑑[𝑢𝑣𝑤]𝑛𝑖 |𝑑[𝑢𝑣𝑤]𝑛𝑖3 × 100%3𝑖=1       (2.10) 
where (hkl)s is a low-index plane of the substrate; (hkl)n is a low-index plane of the 
nucleated solid; [uvw]s is a low-index direction in (hkl)s; [uvw]n is a low-index 
direction in (hkl)n; d[uvw]n is the interatomic spacing along [uvw]n; d[uvw]s is the 
interatomic spacing along [uvw]s and θ is the angle between the [uvw]s and [uvw]n 
The Bramfitt equation makes it possible to compute the planar disregistry at the 
interface between phases. Thus, the Bramfitt equation permits a selection of planes 
for nonsimilar as well as similar atomic arrangements (Figure 2.12). 
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Figure 2.12. Crystallographic relationship between the WC (0001) and δ-Fe (110) allowed by the 
Bramsfitt’s equation and resulting in 12.7% disregistry, [45] 
In order to implement the Bramfitt “Planar Lattice Disregistry” model to a system, 
firstly three lowest-index directions should be chosen within a 90° quadrant of the 
planes of the substrate and the nucleated solid. Secondly, the disregistries should be 
calculated along these lowest-index directions accounting for any angular difference. 
The lowest disregistry obtained may predict the most likely crystallographic 
relationship between the nucleant and the nucleated solid in a real system [45]. 
Based on the experimental data obtained, Bramfitt placed the upper limit for 
nucleant disregistry allowing effective nucleation at about 10% [45].  
Experimentally determined results. Many theoretical predictions and experimental 
investigations have been devoted to nucleant potency in different alloy systems [46-
53]. The crystallographic orientation relationships for established refiners in well-
studied alloy systems are summarized in Table 2.3. 
Considering Table 2.3 and experimental data on refiners in well-studied alloy 
systems, it can be concluded that: (i) as predicted by the Bramfitt model, a 
crystallographic orientation relationship, which involves close packed planes and 
directions can be always found between a potent nucleant and the growing phase; 
(ii) the best nucleants have a very low value of the planar lattice disregistry with the 
growing phase (e.g. < 1% for Si nucleating on AlP); (iii) the amount of nucleation 
undercooling (energy barrier against heterogeneous nucleation) for a system 
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decreases significantly with the decrease of the planar lattice disregistry, which 
allow the formation of coherent/semicoherent interfaces and epitaxial growth; (iv) 
however, meeting the requirement of minimized planar lattice disregistry alone does 
not ensure effective nucleation; the nucleants must be stable in the melt and not 
dissolve or react with other species. There is an additional requirement for a 
nucleant effective size, which is considered further in section 2.2.1.3.   
Table 2.3. Examples of well-studied nucleants and their crystallographic orientation relationship with 
nucleating phases in Fe-C, Al- and Mg based alloys 
Alloy 
system 
Nucleating 
phase 
Nucleating 
substrate 
Crystallographic 
orientation relationship 
Planar lattice 
disregistry Ref. 
Fe-C Graphite BaO·SiO2 (001)BaO·SiO2 || (001)G 1.5% [54] 
Fe-C Graphite CaO·Al2O3·2SiO2 
(001)CaO·Al2O3·2SiO2|| 
(001)G 
3.7% [54] 
Fe-C δ Fe TiC (100)TiC || (100)Fe 5.9 [45] 
Fe-C δ Fe TiN (100)TiN || (100)Fe 3.9 [45] 
Fe-C δ Fe WC (0001)WC || (110)Fe 12.7% [45] 
Al-
alloys Al3Ti TiB2 (0001)TiB2 || (112)Al3Ti ~6% [49] 
Al-
alloys Al Al3Ti (112)Al3Ti || (111)Al 3.7% [49] 
Al-Si Si AlP 
direct lattice 
relationship (cubic 
structure) 
< 1% [53] 
Al-Mg-
Si Mg2Si TiB2 (001)TiB2 || (200)Mg2Si 4.64% [55] 
Mg-Al Mg Al4C3 (0001)Mg || (0001)Al4C3 4.05% 
[56, 
57] 
Mg-Al Mg AlMn - ~ 4% [58] 
Mg-Y Mg Al2Y 
(0002)Mg || (2-22)Al2Y;  
(01-10)Mg || (2-20)Al2Y; 
- [47] 
 
More detailed examples of two well-known systems will now be reviewed: Al2Y in 
Mg and TiB2 in Al. 
Methods for determination of nucleation orientation relationships 
A number of researchers [46-48] have used EBSD to determine the orientation 
relationships (OR) between a matrix phase and nucleation particles. Implementing 
the EBSD technique, ORs can be revealed by analyzing Kikuchi patterns collected 
from the matrix and the nucleation particles (Figure 2.13). 
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Figure 2.13. (A): BSE image of a Al2Y particle in the middle of the Mg grain; (B): EBSD pattern 
collected from the Mg matrix (spot “x”); (C): EBSD pattern collected from the Al2Y particle (spot “+”), 
[47] 
As can be seen from Figure 2.13, the (0002) Kikuchi band acquired from the Mg 
phase is almost parallel to the (2-22) Kikuchi band of Al2Y particle. In addition, the 
[2-1-10] Kikuchi pole in Figure 2.13(B) is close to the [-2-11] Kikuchi pole in Figure 
2.13(C). Thus, it can be determined that: (0002)𝑀𝑔 ||  (22�2)𝐴𝑙2𝑌 ;  [211����0]𝑀𝑔 ||  [21����1]𝐴𝑙2𝑌 ;  [011�0]𝑀𝑔  ||  [011]𝐴𝑙2𝑌  (2.11) 
Another OR revealed by means of the EBSD for this system is following: (011�0)𝑀𝑔 || (22�0)𝐴𝑙2𝑌 ;  (0002)𝑀𝑔 ~ || (22����0)𝐴𝑙2𝑌 ;  [211�0]𝑀𝑔  ~ ||  [001]𝐴𝑙2𝑌   (2.12) 
Another method for OR determination is TEM electron diffraction, which is 
powerful in some circumstances [42, 49, 53], but has a greater level of complexity 
compared to EBSD. 
Schumacher et al. [49] studied TiB2 particles nucleating an Al matrix in order to 
reveal the crystallography of the growth mechanism. Acquiring TEM diffraction 
patterns, they obtained the following crystallographic relationships for the TiB2, 
Al3Ti and Al phases (their crystallography is depicted in Figure 2.14) [42]:  
{0001}〈112�0〉𝑇𝑖𝐵2  ||   {112}〈201〉𝐴𝑙3𝑇𝑖  ||  �{112}〈110〉𝐴𝑙𝑜𝑟{111}〈110〉𝐴𝑙�       (2.13) 
It can be noted that the lattice parameter “c” for the tetragonal crystal lattice of Al3Ti 
is twice that of the FCC structure of Al and is equivalent to two stacked Al unit cells 
[42]. Planes shaded in grey (Figure 2.14) are involved in heterogeneous nucleation 
[42].  
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 Figure 2.14. Crystallography of TiB2, Al3Ti and Al phases, [42] 
2.2.1.4.  The role of nucleant particle size distribution 
It has been shown in the grain refinement of Al alloys that the proportion of 
nucleation particles effectively participating in grain initiation is very low and 
reaches 1 % in the best cases [59]. This enormous inefficiency suggests that the 
nucleation process is mainly dependent on the ability of the crystalline islands 
formed on a substrate to grow, and not on their ability to form in early stages [59]. 
According to Maxwell and Hellawell, the ability of crystalline islands to grow is 
affected by the latent heat release, which limits undercooling of the melt. At the 
same time, according to the classical theory for the heterogeneous nucleation, there 
is a well-defined amount of undercooling ∆TN at which instantaneous nucleation 
occurs [60].  
 
Figure 2.15. Step-by-step growth process of Al islands on TiB2 particle, [42] 
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Greer et al. [59] point out that nuclei forming on a substrate are thin and flat (Figure 
2.15(3)). In order to deliver a successful initiation and growth of a grain on the 
substrate, the growing nucleus should reduce the interface curvature with the melt 
(Figure 2.15(4)). There is a critical radius r* for grain growth at a given amount of 
undercooling [59]. In case the diameter of an inoculant particle is less than 2r* 
(Figure 2.15(4)), it is not possible for a grain to grow. However, it may become 
possible under higher undercoolings when the critical radius r* decreases. Thus, if 
we define the critical diameter of inoculants which can deliver free growth of a grain 
as d (d = 2r*), the correlation between the undercooling for the free growth ∆Tfg and 
the inoculant particle diameter can be written as follows [59]: 
∆𝑇𝑓𝑔 = 4𝛾𝑠𝑙∆𝑆𝑉𝑑       (2.14) 
where 𝛾𝑠𝑙 is the energy of the solid-liquid interface and ∆Sv is the entropy of fusion 
per unit volume.  
The ∆Tfg dependence on the inoculant diameter is depicted in Figure 2.16. In order 
for a grain to initiate and grow, the undercooling ∆Tfg or ∆TN should be reached in 
the system depending on which is larger [59]. 
 
Figure 2.16. Undercoolings (∆Tfg and ∆TN) necessary for grain growth, [59] 
The size distribution of nucleant particles is responsible for the number of grains 
formed at different undercoolings and determines nucleant performance [59]. An 
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example of nucleant particle size distribution for TiB2 particles in Al alloy is shown 
in Figure 2.17 [59]. 
 
Figure 2.17. Example of TiB2 particles diameter distribution in a Al-5Ti-1B refiner. Black bars 
correspond to the fraction of the particles calculated to be active at given parameters of 
crystallization process, [59] 
2.2.1.  Nucleation of β-Sn 
Sn typically exhibits a large amount of undercooling before crystallization [61]. In 
Sn-rich lead-free solders, the typical nucleation undercooling of commercial purity, 
bulk samples is typically 25 – 30 °C [62], but maximum values can reach 90 °C [63]. 
This degree of undercooling is far beyond the ∆Tnuc ~ 0.02Tm typically observed for 
heterogeneous nucleation in many liquid metals (e.g. Al, Mg etc.) [40]. This 
nucleation difficulty suggests that common impurities are not effective nucleants for 
β-Sn [64]. Moreover, it has been shown that the common intermetallics in soldering, 
Ag3Sn and Cu6Sn5, are ineffective for catalyzing β-Sn nucleation [64]. 
Research into the role of minor alloying elements on the nucleation undercooling of 
Sn have been conducted by various researchers [62, 65-74] 
Zn additions. Various studies have examined Zn as an inoculant for Sn-Ag-Cu 
(SAC) solders [62, 65-68]. The effect of 0.1wt%Zn additions on the nucleation 
undercooling of high purity (99.999%) Sn was first carried out by Ohno and Motegi 
in 1973 [65] who found that Zn additions reduced ∆Tnuc to ~0 K and became 
ineffective when the superheat was > 640 K. Various other researchers have also 
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found Zn additions to significantly reduce the nucleation undercooling for β-Sn in 
Sn and range of SAC alloys, as summarized in Table 2.4. It can be seen that Zn 
additions are very effective in the promotion of heterogeneous nucleation of β-Sn 
and Sn-rich alloys and the efficiency remains unaltered over a large range of cooling 
rates from 0.02 to 16.7 °C/s. It has been suggested that Zn additions cause the 
formation of ZnO, which may be a potent substrate for Sn [64]; 
Co additions. Three studies [62, 68, 71] have found that Co additions (0.1 – 0.5wt%) 
significantly reduce the nucleation undercooling in Sn and near-eutectic Sn-Ag-Cu 
alloys.  Using SAC solder emulsified droplets (of unspecified size), Anderson et al. 
[72] showed that 0.45wt%Co additions to Sn-3.6Ag-1.0Cu alloy reduced the 
nucleation undercooling by about 20 °C  (Table 2.4). As in case with Zn additions, Co 
remains as efficient inoculant in a considerable range of cooling rates from 0.1 to 16.7 
°C/s. Significantly reduced alloy volume and increased cooling rate also resulted in 
larger nucleation undercooling as was shown by Anderson et al. [72]. 
Ti additions. Ti has also been found to significantly decrease the nucleation 
undercooling in Sn and SAC alloys [62, 71]. Kim et al. [71] investigated undercooling 
characteristics of Sn-3Ag-0.5Cu solder alloyed with Ti and observed that 0.1wt%Ti 
additions almost completely eliminated nucleation undercooling of the alloy (Table 
2.4). Similar results were obtained by Cho et al. [62]. 
Ni additions. Only a small body of research has examined the role of Ni on 
nucleation in Pb-free solders.  Song et al. [68] found that the addition of 0.5wt%Ni to 
Sn-3.3Ag-0.5Cu decrease the nucleation undercooling of β-Sn from 27 to ~ 17.5 °C 
and Kim et al. [71] observed a reduction of the nucleation undercooling of β-Sn from 
~ 25 to ~ 14 °C for 0.1wt%Ni addition to Sn-3Ag-0.5Cu solder (Table 2.4). However, 
the mechanism causing this has not been addressed. 
Other additions. Beside Co, Ti and Ni additions, Kim et al. [71] investigated the 
undercooling characteristics of Sn-3Ag-0.5Cu solder alloyed with Fe and Mn 
(0.1wt%). They concluded that in contrast with Fe, which was found to be 
ineffective, additions of  Mn reduced the nucleation undercooling of the alloy from  
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~ 25 °C to 2-3 °C. Mn additions were also investigated by Cho et al. [62], however, 
they found them less effective (Table 2.4).  
Table 2.4. Suppressing β-Sn undercooling by various additions 
Alloying 
element 
Alloy 
(in wt%) 
Cooling 
rate, 
°C/s 
Degree of nucleation 
undercooling, °C 
reference 
Without the 
addition 
With the 
addition 
Zn 
(99.999)Sn + 0.1Zn - ~ 18 ~ 0 [65] 
Sn-3.8Ag-0.7Cu + (0.1-0.7)Zn 0.02 ~ 30 ~ 4 [66] 
Sn-(2-3.8)Ag-0.9Cu + 0.1Zn 0.25 25-30 5-10 [67] 
(99.99)Sn + 0.2Zn 0.1 31.2 1.4 [62] 
Sn-3.3Ag-0.5Cu + 0.5Zn 16.7 ~ 27 5.2 [68] 
Co 
Sn-3.3Ag-0.5Cu + 0.5Co 16.7 ~ 27 ~ 9 [68] 
Sn-3Ag-0.5Cu + 0.1Co 8 ~ 25 2-3 [71] 
(99.99)Sn + 0.2Co 0.1 31.2 6.3 [62] 
Sn-3.6Ag-1.0Cu + 0.45Co 40 ~ 142 ~ 122 [72] 
Ti 
Sn-3Ag-0.5Cu + 0.1Ti 8 ~ 25 ~ 0 [71] 
(99.99)Sn + 0.2Ti 0.1 31.2 5.4 [62] 
Ni 
Sn-3.3Ag-0.5Cu + 0.5Ni 16.7 ~ 27 ~ 17 [68] 
Sn-3Ag-0.5Cu + 0.1Ni 8 ~ 25 ~ 14 [71] 
Mn 
Sn-3Ag-0.5Cu + 0.1Mn 8 ~ 25 2-3 [71] 
(99.99)Sn + 0.2Mn 0.1 31.2 22 [62] 
Sb 
(99.999)Sn + 0.1Sb - ~ 18 3-7 [65] 
(99.99)Sn + 0.2Sb 0.1 31.2 25.5 [62] 
Al (99.999)Sn + 0.1Al - ~ 18 3-5 [65] 
Mg (99.99)Sn + 0.2Mg 0.1 31.2 6.3 [62] 
Sc (99.99)Sn + 0.2Sc 0.1 31.2 4.1 [62] 
Zr (99.99)Sn + 0.2Zr 0.1 31.2 5.3 [62] 
 
Other additions suppressing nucleation undercooling of β-Sn include Al and Sb [65] 
(Table 2.4). The authors [65] also reported the inefficiency of Pb, Ag, Bi and Cd 
additions for promotion nucleation of high purity Sn, where Cd even significantly 
increased the degree of the nucleation undercooling.  
In other nucleation studies of pure Sn micrometre scale droplets, it was found by 
Pound and La Mer [75] that Fe2O3 additions reduce the nucleation undercooling by 
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more than a factor of two, which might suggests that Fe2O3 particles may act as 
effective heterogeneous substrates for β-Sn. 
There are other reports available that indirectly evidence the promotion of 
heterogeneous nucleation of β-Sn in SAC solders by additions of: Ce + La (0.025-
1wt%) [73], Fe (0.2wt%) [74], and Co (0.15-0.45wt%) [74]. It was shown that these 
additions result in considerable microstructural refinement and reduce non-
equilibrium primary IMC formation. However, undercooling measurements were 
not performed in these investigations. 
Despite the considerable volume of experimental data collected on suppressing of β-
Sn nucleation undercooling by different additions, no mechanisms by which these 
additions can promote β-Sn nucleation have been confirmed.  
It is worth noting that different results might be obtained in actual solder joints 
when a substrate is introduced. Kang et al. [66] investigated microstructures of Zn-
modified SAC alloys solidified in contact with a Cu substrate and showed that under 
equal reflow conditions, the formation of large primary Ag3Sn IMCs can be 
suppressed by 0.1%wtZn addition for bulk solders and 0.7%wtZn for solder joints. 
The researchers suggested that preferential Cu-Zn reaction might deplete the solder 
of Zn to a concentration that was no longer able to inoculate β-Sn nucleation. 
The amount of nucleation undercooling for Sn during soldering is influenced by 
many factors: impurity levels, cooling rate, soldering temperature, type of solderable 
surface, and the solder alloy volume and composition. It has been shown by Kang et 
al. [61] that the amount of undercooling for Sn-rich solders is inversely proportional 
to the solder joint size resulting in larger undercooling for smaller joints. The 
researchers [61] suggested that this is due to decrease in number of nucleation sites 
available with the decrease of the solder volume. The volume factor was found to be 
dominant at a given alloy composition [63]. However, even bulk, commercial purity 
samples typically exhibit nucleation undercoolings of 15-20 °C in common Pb-free 
solders. 
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2.2.3.  Growth of Sn-rich Sn-Ni alloys 
This section reviews the key phenomena that influence growth in Sn-rich Sn-Ni and 
similar systems. 
2.2.3.1.  Faceting 
After nucleation, the growth of a phase is influenced by a number of factors. Of 
particular importance to Sn-rich alloys is the kinetics of attachment of the atoms to 
the growing interface [42]. Figure 2.18 shows two extremes of solid-liquid interfaces 
encountered in solidification, their γ-plots (the variation in solid-liquid interface 
energy γsl with crystal orientation angle) and the corresponding equilibrium crystal 
shapes. 
 
Figure 2.18. (A): diffuse interface, (B): smooth interface, [42] 
Figure 2.18(A) shows the case for most metals, where the atom spacing in the liquid 
differs from that in the solid by just a few percent [42]. In this case, local 
arrangement of atoms in the liquid results in local order and as a consequence there 
is a small difference in molar entropy between the solid and the liquid phase and: 
∆S mf = S ml – S ms < 2R (15), 
A B 
liquid 
solid 
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where R is the ideal gas constant and Sl and Ss are the entropies of the liquid and the 
solid respectively. For Sn, ∆S mf ~ 1.68R. The transition from liquid to solid then 
occurs over some distance δi (Figure 2.18(A)) and the interface is diffuse or 
automatically rough [42]. For a diffuse interface, the interfacial energy γsl is nearly 
isotropic resulting in virtually spherical equilibrium shape of a growing crystal 
(Figure 2.18(A)). However in the case that: 
∆S mf = S ml – S ms >> 2R (2.16), 
(which is true for materials consisting of complex molecules: compounds, polymers 
semiconductors etc.), the liquid structure differs significantly from that of the solid. 
In this situation, the interfacial energy of a growing phase is very anisotropic and the 
interface follows well defined crystallographic planes (Figure 2.18(B)) [42]. These 
interfaces are atomically smooth or faceted, atoms are attached to the interface in 
steps and crystal growth proceeds by completion of rows in the direction 
perpendicular to the growth direction. Structural defects such as screw dislocations 
or double twins are often involved in the growth process (Figure 2.19) [42]. 
 
Figure 2.19. Secondary nucleation (A): double twin mechanism (FCC structure); (B): screw dislocation 
growth mechanism (cubic structure),  [42] 
The attachment kinetics are highly dependent on the crystallographic plane 
considered and influence the growth undercooling [42]. Figure 2.20 demonstrates an 
example of faceted growth of Ag3Sn and Cu6Sn5 in the Sn-Ag-Cu system [76] and 
Figure 2.21 reveals non-faceted growth of β-Sn in Sn-3.8Ag-0.7Cu alloy [77]. 
A B 
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 Figure 2.20. SEM images of (A): faceted Cu6Sn5 rods, (B): faceted Ag3Sn plates in Sn-3.9Ag-0.6Cu 
solder, [76] 
2.2.3.2.   Dendritic growth 
As was considered in Section 2.2.1.1., a spherical solid nucleus in a melt continues to 
grow if its radius is greater than the critical radius. However, soon the spherical 
morphology becomes unstable and the solid shape begins to express preferred 
growth directions [42]. This phenomenon can be explained by anisotropy either in 
the surface energy of the solid-liquid interface, or in the ease of attachment of atoms 
on different crystallographic planes, or both [42]. The resulting morphology has a 
tree-like form and called a dendrite. The preferred growth direction of a dendrite 
varies with crystal structure, and for tetragonal β-Sn the preferred growth direction 
is [110]. An example of  β-Sn dendrites growing in Sn-3.8Ag-0.7Cu alloy is shown in 
Figure 2.21 [77]. 
 
Figure 2.21. SEM image β-Sn dendrites growing in Sn-3.8Ag-0.7Cu alloy, [77] 
For most simple metals, the interface attachment kinetics have negligible effect and 
the growth along preferred crystallographic directions can be explained by an 
attempt of the system to minimize interfaces of a high energy [42]. For many Sn-
β-Sn 
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based intermetallics such as Cu6Sn5 and Ag3Sn, the anisotropy of the solid–liquid 
interface is high, the dendrite tips are sharp and the solid-liquid interface exhibits a 
faceted morphology [42]. 
2.2.3.3.   Hypo-eutectic solidification 
No papers were found in the literature directly on solidification of binary Sn-rich Sn-
Ni alloys. However, a significant body of work has considered the solidification of 
the near-eutectic alloys in similar systems such as Sn-Cu and Sn-Ag-Cu [61, 78-80]. 
Similar to the Sn-rich side of the Sn-Ni system (Figure 2.3), the Sn-rich sides of the 
Sn-Cu and Sn-Ag-Cu phase diagrams are highly asymmetrical eutectic systems. 
Therefore development of solid fraction with temperature is very different for 
hypoeutectic and hypereutectic compositions as shown for the Sn-Cu system in 
Figure 2.22(B) [4]. 
 
Figure 2.22. (A): Sn-rich corner of the Sn-Cu phase diagram; (B): mass fraction of solid versus 
temperature for near-eutectic Sn-xCu alloys, [4] 
For off-eutectic compositions, solidification consists of two stages and involves a 
liquid and two solid phases. The first stage occurs over a range of temperatures and 
the second occurs at a fixed temperature. If the solid phases are denoted α and β, the 
primary stage for hypoeutectic composition would be L → α and the secondary 
(eutectic reaction) would be L → α + β. Eutectic phases α and β nucleate and grow 
concurrently [42]. 
A B 
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In a hypoeutectic alloy C0, shown in Figure 2.23(A), primary phase α is expected to 
nucleate first. As the temperature decreases, α grows and the liquid enriches in the 
component B until the composition of the liquid at the α – l interface becomes 
hypereutectic – Cl* α. This results in an amount of undercooling ∆Tnβ with respect to 
the β–phase liquidus temperature for the composition Cl* α (Figure 2.23(A)). As the 
undercooling reaches a critical value, β–phase starts to nucleate at the α – l interface, 
often corresponding to a preferred crystallographic relationship with the parent 
phase [42]. Commonly, the pre-existing phase continues to grow in between the cells 
of the newly nucleated phase (Figure 2.23(B)), enabling diffusion coupled eutectic 
growth with triple junctions between α, β and liquid. 
 
Figure 2.23. Nucleation of the second phase in a hypoeutectic alloy. (A): near-eutectic region of the 
equilibrium phase diagram (B): (a) initiation of β–phase growth, (b) β–phase lateral growth resulting 
in formation of cells, (c) continuation of α-phase growth leading to a periodic α|β arrangement, [42] 
If one were to consider hypereutectic compositions the β-phase would be expected 
to nucleate first, and the results will be the mirror image of Figure 2.23 [42].  
In comparison with an independent planar growth of each phase, diffusion coupled 
eutectic growth is more efficient in terms of solute transport, allowing lateral 
diffusion in the liquid with much smaller maximum and minimum compositions 
ahead of two solid phases [42]. 
Depending on the volume fraction of two phases (α and β) and the magnitude of 
∆Smf /R, different morphologies for the α – β eutectic can be developed as shown in 
Figure 2.24. 
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 Figure 2.24. Dependence of the eutectic interface morphologies on the volume fraction of phase β 
and the anisotropy in solid-liquid interfacial energy: faceted or not faceted growth of the β-phase (α-
phase is not faceted), [42] 
When both α and β phases are faceted, they grow along well-defined directions 
“independently” from each other exchanging solute via the liquid phase. There is no 
coupled growth in this case. When one of these phases grows with non-faceted 
morphology, coupled growth can be maintained. As the faceted phase grows with a 
help of structural defects (e.g. screw dislocations or twins) along preferred 
directions, the non-faceted phase follows it, which results in complex eutectic 
morphologies (right part of Figure 2.24) [42]. Finally, in case both α and β phases are 
non-faceted, coupled growth can be maintained in almost any direction (left part of 
Figure 2.24) [42] leading to ‘regular’ eutectic morphologies. 
Variation of the volume fraction of the components results in either fiber or lamellae 
morphology, which develops to minimize the interfacial energy during eutectic 
growth. As shown in Figure 2.24, typically the transition between these two 
morphologies occurs for 0.28 – 0.37 volume fraction of the β-phase [42], although this 
transition is strongly influenced by γsl anisotropy when the minor phase is faceted. 
Cu6Sn5, Ag3Sn and Ni3Sn4 IMCs are all faceted phases and the Sn-Cu6Sn5, Sn-Ag3Sn 
and Sn-Ni3Sn4 eutectics contain less than 4.5, 10 and 0.6 wt% IMC respectively 
(calculated from phase diagrams). Therefore, the expected morphology for the Sn-
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Cu6Sn5, Sn-Cu6-Sn5-Ag3Sn and Sn-Ni3Sn4 eutectics is irregular with fibers of the 
IMCs in a Sn matrix. 
The process of solidification in a SAC solder joint can be summarized as occurring 
by following sequence [61, 78-80]. There is a significant nucleation undercooling for 
Sn and the disparity in the required undercooling for nucleation of Sn and IMCs 
significantly influences solidification: IMCs nucleate first (with minimal 
undercooling) followed by the growth of large faceted primary IMCs. Having 
reached a nucleation undercooling of 20 – 30 °C, β-Sn phase starts to nucleate and 
then grows rapidly with non-faceted dendritic growth morphology characterized by 
copious branching. In the final stages of solidification, the eutectic reaction begins 
and the eutectic morphology consists of plates of Ag3Sn and rods of Cu6Sn5 in Sn 
matrix. A typical BGA solder joint solidifies in less than one second after initiation of 
growth of the β-Sn phase [80]. 
2.2.3.4.   Metastable solidification 
A metastable phase may form during solidification, if the stable phase meets 
significant nucleation difficulties, or has slower growth kinetics or both [42]. 
Gibbs free energy is commonly used for description of the stability, metastability 
and instability of a structure in a system (Figure 2.25). 
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Figure 2.25. Schematic behaviour of free energy of a system as a function of possible arrangement of 
the atoms (adopted from [81]) 
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The absolute minimum of free energy (3) corresponds to the stable state of the 
system, (Figure 2.25), whereas the relative minimum (1) conforms to the metastable 
state, and in order to transform the system from state (1) to state (3), one must 
introduce energy to overcome the energetic barrier (2). Metastability can be divided 
into compositional, structural and morphological [81].  
The process of solidification never occurs at true full equilibrium and different 
degrees of deviation from full equilibrium are expected [82]. During metastable 
solidification, all solid-liquid interfaces are considered to be at metastable 
equilibrium, i.e. the solid and liquid interface compositions are given by the 
metastable equilibrium phase diagram such as those shown in Figure 2.26. 
The reasons for metastable solidification can be split into nucleation difficulties and 
growth difficulties: metastable phase formation due to nucleation difficulties require 
a metastable phase to nucleate at higher temperature than the equilibrium phase. In 
this case a metastable phase nucleates first and the nucleation undercooling of the 
stable phase is never reached. This is the case in the Al2O3-Y2O3 system where 
Y3Al5O12 has significant nucleation difficulties and metastable YalO3 forms at more 
than 125 °C below the Y3Al5O12 equilibrium temperature (Figure 2.26(B)) [83]. 
Metastable phase formation due to growth difficulties requires a metastable phase to 
have much simpler growth kinetics. This is often the case in rapid solidification, 
when a metastable phase with simple crystal structure grows instead of stable phase 
with complex crystal structure. 
Examples of metastable systems Fe-Fe3C [42], Al2O3-Y3Al5O12 [83] and Al-Al6Fe [82] 
are shown in Figure 2.26. As can be seen, metastable eutectic points are at a certain 
temperature below the equilibrium eutectic point and the composition of the 
metastable and the equilibrium eutectic may differ considerably (~ 10 mol% for 
Al2O3-Y3Al5O12 system). Metastable eutectic growth is often observed to be 
promoted with increasing solidification speed (interface velocity) [42, 82]. 
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 Figure 2.26. Examples of systems where metastable eutectic form (A): Fe-C [42]; (B): Al2O3-Y2O3 [83]; 
(C): Al-Fe [82] 
A well-researched example of metastable eutectic formation is the competition 
between the Fe-C and Fe-Fe3C eutectics in cast irons. The two transformations are 
equilibrium: l → γ-Fe + C at 1153 °C 
metastable: l → γ-Fe + Fe3C at 1147 °C 
In this system, the growth of metastable eutectic is promoted by high growth rate 
because the equilibrium eutectic has kinetic growth difficulties compared to the 
metastable eutectic. There are two main origins of the kinetic difficulties: first, the 
equilibrium γ-Fe + C eutectic is a nonfaceted-faceted eutectic, which requires a 
higher growth undercooling than the nonfaceted-nonfaceted metastable γ-Fe + Fe3C. 
Second, the equilibrium γ-Fe + C eutectic requires much more solute exchange in the 
liquid ahead of the eutectic front than the metastable γ-Fe + Fe3C eutectic because 
Fe3C is much closer in composition to Fe than C is to Fe. 
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2.3.  Sn-Ni interfacial reactions 
2.3.1.  Solder joint formation 
Soldering is a vital process in the modern electronics industry, which involves 
complex processes of heat, mass and momentum transfer across interfaces in the 
presence of convective mixing and chemical reactions. 
Soldering consists of: (i) heating the solder alloy to a molten state; (ii) substrate 
wetting; (iii) dissolution of the substrate; (iv) chemical reaction between the solder 
and the substrate and (v) solidification as shown in Figure 2.27 [2]. Once melting of 
the solder commences it wets surfaces to be joined spreading between the substrates. 
Spreading of the liquid solder stops when an equilibrium is reached where the 
interfacial tensions are balanced: 
γSF =  γLS + γLFcos(θ),    (2.17) 
where  γSF is the interfacial tension (energy) between the substrate and the fluid (flux 
or soldering atmosphere), γLS is the interfacial tension between the substrate and the 
liquid solder and γLF is the interfacial tension between the molten solder and the 
fluid, and θ is the contact angle between the liquid solder and the substrate (Figure 
2.27) [84]. Small contact angles are desirable and indicate good wetting [85]. 
 
Figure 2.27. Reactive wetting of a base material (substrate) with molten solder, [84] 
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These interfacial energies are a function of temperature, substrate and solder 
composition and soldering environment (flux, soldering atmosphere etc.). 
Consequently, there are optimal soldering conditions, which are usually determined 
experimentally [85]. 
After wetting and IMC layer formation, the final stage of joint formation is the 
solidification of the remaining liquid. Solidification occurs as the solder joint cools 
and is governed by heterogeneous nucleation and crystal growth processes, 
considered in sections 2.2.1 - 2.2.3.  
Due to relatively short cycle times (from several seconds to minutes), soldering is a 
non-equilibrated process and the kinetics of solder viscosity, substrate dissolution 
and chemical reactions often play very important roles in addition to wetting [84]. 
When in contact with molten solder, the substrate dissolves with a rate described by 
an Arrhenius relationship [84]: 
dC/dt  ~ exp[ - E/kT], (2.18) 
where C is the concentration of the base metal in the solder, E is the activation 
energy, k is the Boltzmann constant, and T is temperature in Kelvin. Dissolution 
rates of some commonly used metals and metallizations are shown in Figure 2.28A.  
 
Figure 2.28. (A): Dissolution rate of some commonly used metals and metallizations in 60Sn/40Pb as 
a function of temperature; (B): Increase of the concentration C of the base material in the molten 
solder with time t, [84] 
A B 
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Note that Ni has one of the lowest dissolution rates of all common substrates. The 
dissolution rate of a base metal in solder is also a function of time, as shown in 
Figure 2.28B, where Cs is the equilibrium solubility of the base metal in the solder 
which can be determined from equilibrium phase diagrams at any temperature 
given [84]. However, the substrate dissolution is a non-equilibrium process during 
the initial stages. The initial rate of substrate dissolution is very high and very high, 
metastable concentrations of the base metal can be reached in the liquid solder in the 
vicinity of the substrate interface. The metastable solubility is usually two-three 
times higher than the stable one [2]. The supersaturated solder near the interface 
yields a large driving force for the chemical reaction between the atom species at the 
metastable composition. Then the interfacial intermetallic layer forms by the 
heterogeneous nucleation and growth at the substrate/liquid interface [2]. The 
formation of the IMC layer returns the levels of the dissolved atoms to their 
equilibrium solubility in the solder [2]. 
It has been shown that the dissolution rate of a substrate in solder is also a function 
of solder alloy composition and typically increases with higher Sn content [84]. 
Increasing dissolution rate in the solder results in increase of wettability [84]. 
The dissolution of the substrate is followed by a chemical reaction at the substrate-
solder interface that produces intermetallic compounds. The intermetallics (IMCs) 
are essential in terms of formation of a good metallic bond between the solder and 
substrate. However, they tend to be hard and brittle [84] and their excessive 
formation may affect solder joint mechanical properties. The effect of IMCs on 
soldering includes (i) enhancement of solder wetting of the substrate, (ii) slowing 
substrate dissolution in the solder by forming a diffusion barrier, and (iii) sometimes 
deteriorating wettability of  plated layers through oxidation of intermetallics [84].  
Similar to the dissolution of a substrate in solder, the formation rates of IMCs is also 
a function of time, temperature, type of substrate metallization, and solder 
composition. Figure 2.29 shows an example of intermetallic layer growth on a 
copper substrate wetted by eutectic Sn-Pb solder and compares it with the IMC layer 
growth during solid state heat treatments.  
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Figure 2.29. Formation of IMC layers for Cu substrate wetted by eutectic Sn-Pb solder,  [84] 
For IMC growth by bulk diffusion, the expected growth law is parabolic [84]:  
∆x2 = Dt , (2.19) 
Where ∆x is the IMC layer thickness, D is the diffusion coefficient ant t is the time. In 
reality a range of growth mechanisms can act and it is common to define an 
exponent n such that : 
∆x = (Dt)n ,    (2.20) 
The most frequently reported n values are 1/2 and 1/3 [86], when a substrate reacts 
with solid and molten solder respectively. ∆x ~ t1/3  indicates coarsening of grains in 
the IMC layer, whereas n = 1/2 indicates diffusion controlled process [86]. However, 
the IMC layer growth time exponent n has a complex meaning and depends on the 
net effect of dynamic processes occurring during soldering: IMC grain boundary 
diffusion, volume diffusion, grain growth, grain boundary grooving and IMC layer 
dissolution back into the solder [87]. 
Overall, the interfacial intermetallic layer growth kinetics is described by the time 
power law and Arrhenius temperature factor [88]:  
x = x0 +Atn exp(-Q/RT),     (2.21)  or 
ln(x - x0) = lnA + nlnt – Q/RT,    (2.23) 
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where x0 is the initial IMC layer thickness, A is the constant, Q is the activation 
energy, R is the universal gas constant  and T is the temperature in Kelvin.  
There are one dimensional (1-D) and two dimensional (2-D) models based on Fick’s 
diffusion equations that describe the IMC layer growth kinetics [86, 88, 89]. In most 
models it is assumed that: (i) the growing interfacial layer is planar; (ii) the diffusion 
coefficients are constants in each phase; (iii) there is no volume change during the 
IMC layer growth and (iv) growing IMC interfaces are at thermodynamic 
equilibrium with the solder and the substrate [88]. 
Let us consider a 1-D model for the growth of IMC layer between a Sn-containing 
solder and a metallic substrate (Figure 2.30), [86]. The model implies that the IMC 
layer growth occurs due to Sn atom diffusion from the solder through the IMC into 
the substrate. The model also assumes quasi steady-state diffusion and local 
interfacial equilibrium conditions at the substrate/IMC layer and the IMC 
layer/solder interfaces: the Sn concentration in the IMC layer at the interface with 
the substrate is Cx, and at the solder/IMC interface is CS-1 and C0 respectively, i.e: 
C = C0 (CS-1) at x = 0 and C = Cx at x = -X   (2.24) 
 
Figure 2.30. Model for an IMC layer growth by diffusion controlled process, adapted from [86] 
For the increase of the IMC layer thickness of dX, the amount of Sn atoms required 
per unit area is equal to the amount of Sn atoms supplied from the solder in time dt 
at the x = -X interface and, in this case, the kinetic equation can be written in the 
following form [86]: 
Sn   
-X 
Substrate 
Cx 
Intermetallic Solder 
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�𝐶𝑥 + 𝑏𝐴𝑉𝐼� 𝑑𝑋 = 𝐷 𝐶0−𝐶𝑥𝑋 𝑑𝑡     (2.25)    or 
𝑑𝑋
𝑑𝑡
= 𝑘
2𝑋
  (2.26) 
where X is the IMC layer thickness in time t, b is the stoichiometric coefficient, A is 
the Avogadro number, VI is the molar volume of the IMC compound, D is the 
diffusivity of Sn in the IMC phase and  
k = 2D(C0 – Cx)/(Cx + bA/VI)     (2.27) 
Then the solution to equation 2.26 is the following: 
𝑋 = �(𝑘𝑡 + 𝑋02) (2.28) 
In ageing studies, X0 is usually taken as the initial thickness of the IMC [86]. It has 
been shown in [86] that coefficient k is not a constant value during the reflow cycle. 
Solders with higher Sn content would result in higher values of C0 and consequently 
in higher values of k (eq. 2.27). This might explain more extensive IMC layer growth 
in Sn-enriched areas of solder joints [86]. 
Equation 2.29 is the result of an alternative derivation of IMC layer growth kinetics 
(in pseudo-steady-state diffusion conditions), when the growing layer has a 
stoichiometry range and the substrate and the solder have limited solubility ranges 
of the interdiffusing atoms  [89]: 
 𝑋 = �2 �𝐷𝐵𝐴𝑥𝐵𝑦 𝐶𝐴𝑥𝐵𝑦𝛽 − 𝐶𝐴𝑥𝐵𝑦𝛼𝐶𝐴𝑥𝐵𝑦𝛼 − 𝐶𝛼 + 𝐷𝐴𝐴𝑥𝐵𝑦 𝐶𝐴𝑥𝐵𝑦𝛽 − 𝐶𝐴𝑥𝐵𝑦𝛼𝐶𝛽 − 𝐶𝐴𝑥𝐵𝑦𝛽 � 𝑡 (2.29) 
Where X is the AxBy IMC layer thickness, 𝐷𝐵
𝐴𝑥𝐵𝑦  and 𝐷𝐴
𝐴𝑥𝐵𝑦  are the diffusivities of 
elements B and A in AxBy IMC layer, 𝐶𝐴𝑥𝐵𝑦𝛽  and 𝐶𝐴𝑥𝐵𝑦𝛼  are the concentrations of 
element B (Sn) at the interface with the solder and with the substrate respectively, 𝐶𝛼 
is the concentration of element B in the substrate and 𝐶𝛽  is the concentration of 
element A in the solder. 
Since at constant temperature, all values of D and C are constants [89], Equations 
2.28 and 2.29 both predict that the IMC layer thickness is proportional to the square 
root of time for isothermal interdiffusion, i.e. IMC layer growth is expected to follow 
the parabolic growth law:  𝑋 ∝ √𝑡  . However, the constant of proportionality is 
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different in each derivation.  Furthermore, in practice parabolic growth is not always 
the case as will be reviewed next. 
2.3.2.   Reactions between liquid Sn and solid Ni substrates 
The electronics industry commonly uses Ni coating over Cu substrate as a diffusion 
barrier since the reaction rate of liquid Sn-rich solder and Ni substrate is 
considerably lower than that of Cu [2], which consequently prevents excessive IMC 
layer growth.  
The Sn-Ni system and stable IMC compounds are described in Section 2.1.1. As can 
be seen from the phase diagram (Figures 2.1, 2.3), Ni has negligible solubility in solid 
Sn and low solubility in liquid (Sn) at soldering temperatures (< 300°C). Dissolution 
of the Ni substrate into Sn-rich liquid solder occurs until the liquid is supersaturated 
with Ni [2], which happens rapidly  [15]. Then, heterogeneous nucleation of 
intermetallic phases takes place at the Ni/liquid interface and growth of these 
phases is initiated [90]. 
Most researchers have observed the Ni3Sn4 phase to form first along the Sn-Ni 
interface when the Sn is liquid [2, 90-95] and the other stable IMCs (Ni3Sn, Ni3Sn2) 
were found to precipitate only after solidification is complete. However, TEM 
investigation has shown the presence of very thin Ni3Sn layers in the molten system 
[91], suggesting that previous studies had not used sufficiently high magnification 
techniques. Theoretical calculations performed by Choi et al. [96] showed that the 
Ni3Sn4 and Ni3Sn phases are more energetically favorable to form and that the 
Ni3Sn4 phase is expected to form first.  
A wide range of initial morphologies of the intermetallic layer forming at the liquid 
Sn/Ni substrate interface have been reported. Bader et al. [92]  observed three 
morphologies of the Ni3Sn4 IMC layer simultaneously: (i) thin Ni3Sn4 whiskers 
(which are the first to form), (ii) large polygonal Ni3Sn4 crystals and (iii) a fine-
grained Ni3Sn4 layer at the substrate’s interface. Depending on the time and 
temperature of the liquid-state hold, thin whiskers were found to recrystallize into 
large crystals [92]. A layer with fine Ni3Sn4 grains between the Ni substrate and 
coarse Ni3Sn4 grains was also reported by Gur et al. [91], who only observed two 
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morphologies: fine and coarse Ni3Sn4 grains (Figure 2.31(B)). Depending on the 
soldering temperature and time, the coarse Ni3Sn4 grains were found to be equiaxed 
with round surfaces [90, 91, 95, 97, 98] (Figure 2.31(A)) or faceted [91, 95, 98, 99] 
(Figure 2.32(B)).  
  
Figure 2.31. (A): SEM micrograph of a multilayer sample (150µm Ni/10µm Sn) in cross-sectional view, 
heat treated at 500°C for 5 min;  (B) SEM of a multilayer sample (150µm Ni/10µm Sn) in flat-on view, 
heat treated at 500°C for 30 seconds, [91] 
These grains were separated with deep grain boundary grooves (Figure 2.31(A)), 
which are highly important in terms of Ni and Sn diffusion and provide a 
supplementary path for atom flow in addition to the bulk diffusion through the IMC 
layer. Some authors have also reported morphologis of a continuous thin layer [98, 
100], a nonuniform and fractured layer [100] and a ‘chunk’ type layer [101].  
  
Figure 2.32. (A): SEM micrograph of a multilayer sample (150µm Ni/10µm Sn) in cross-sectional view, 
heat treated at 400°C for 10 min; (B) optical micrograph of a sample heat treated at 500°C for 120 
min, [91] 
Gur et al. [91] proposed that the  presence of fine and coarse Ni3Sn4 grains within the 
interfacial IMC layer is due to the difference in the diffusion paths: coarse-grained 
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morphologies form during substrate dissolution and Ni atom diffusion into the melt, 
whereas fine-grained Ni3Sn4 layer forms due to Sn atoms diffusion into the solid Ni 
substrate [91]. Crumbling and separation of coarse IMC grains from the IMC layer 
has been observed during elongated liquid-state holding (Figure 2.32(B)) with the 
followed by sweeping away of the separated Ni3Sn4  grains by the melt [91, 95]. 
Considerable reaction times (14 days) at 250 °C resulted in sponge-like structures of 
equiaxed IMC grains [90]. 
IMC layer growth kinetics 
The reported Ni3Sn4 IMC layer growth kinetics vary significantly between research 
groups (Table 2.5), which is most likely because the conditions (solder alloy 
composition, temperature and time of the heat treatment, and cooling rates) vary 
between experiments and the details are often not reported. Kang et al. [94] 
measured the time exponent n = 0.54 for short times and n = 0.63 for long times; Gur 
et al. [91] state parabolic growth; whereas Bader et al. [92] reported a value of n = 
0.28. Ghosh’s study of the Ni/Sn-3.5Ag solder system [99] revealed very small 
exponents n = 0.21 – 0.24.  
Table 2.5. Kinetic parameters of the Ni3Sn4 IMC layer growth on Ni substrate obtained under 
different conditions  
Solder Temperature, °C 
Time exponent , 
n Q, kJ/mol Reference 
Sn 
500 – 600 0.5 27.6 [91] 
240 0.28 - [92] 
250 – 280 0.5 28.7 [102] 
250 0.33; 0.62 10 [90] 
Sn-3.5Ag 
240 0.5 16 [97] 
260 0.21 16.9 [99] 
250 – 280 0.5 30.1 [102] 
251 0.35 - [103] 
250 0.32 10.7 
[95] 
280 0.43 
Sn-3.5Ag-
0.75Ni 
250 0.3 11.6 
280 0.42 
Sn-37Pb 250 – 280 - 
35.8 [102] 
250 0.34 25.8 [99] 
Sn-57Bi 210 0.26 17.8 [99] 
 
However, the experimental conditions in these experiments were not comparable. 
Recent kinetic analysis performed by Gorlich et al. [90] has revealed three 
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distinguishable stages in the reaction between liquid Sn and Ni substrate at 250 °C. 
The first stage of a few minutes is characterized by n = 1/3, whereas the two 
subsequent stages have a parabolic time dependence. Table 2.5 compares time 
exponents and activation energies obtained in different experiments. 
Very fast initial growth with n = 1/3 has been interpreted as a consequence of the 
grain boundary diffusion along the Ni3Sn4 grooves [90]. As time elapses (> 4 min), 
new grains are nucleated on the Ni surface  leading to vertical grain stacking within 
the IMC layer and parabolic growth is then observed [90]. 
2.3.3.   Reactions between solid Sn and solid Ni substrates 
Despite the existence of three equilibrium phases in the system (Ni3Sn, Ni3Sn2 and 
Ni3Sn4), it has been found that only Ni3Sn4 develops during solid state heat treatment 
at elevated temperatures (> 160 °C) [2, 27]. The suggested reason for the absence of 
some equilibrium phases are difficult nucleation and/or slow diffusion behavior in 
the missing phases [2]. Bader et al. [92] observed promotion of Ni3Sn phase 
development by contaminants on the Sn/Ni interface, which support the 
assumption of the Ni3Sn nucleation difficulties [2]. It was also reported that 
microstructure roughness promotes nucleation of Ni3Sn and Ni3Sn2 phases even at 
temperatures around 100 °C [2]. At temperatures of 100 – 180 °C together with the 
formation of Ni3Sn4, ‘non-equilibrium’ phases have been reported, which are 
considered in detail in Section 2.3.4. 
Solid state reaction Kinetics 
The solid state growth kinetics of the Ni3Sn4 IMC layer was reported to be parabolic 
[91, 97, 102], linear and parabolic [98] and non-parabolic [92, 94, 99, 101, 103].  
It has been shown by Labie et al. [104] that the solid-state diffusion mechanism 
depends on the reaction couple exposure temperature. Thus, for the high 
temperature range ( > 150 C°) bulk diffusion occurs, whereas for lower temperatures 
grain boundary diffusion is dominant. The activation energy for these two different 
diffusion mechanisms differs significantly (Table 2.6). The nature of a diffusion 
couple (electrodeposited, rolled, electroless or dipped) also affects the activation 
energy and pre-exponential factor D0 in the Maxwell-Bolzmann equation (21): 
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𝐷 = 𝐷0exp (−𝑄/𝑅𝑇)   (21) 
where D is the interdiffusion coefficient, D0 is a pre-exponential factor and Q is the 
activation energy, R is the universal gas constant and T is the temperature.  
Table 2.6. Comparison of Ni-Sn interdiffusion activation energy 
Diffusion system T, °C Q, kJ/mol D0, µm2/s Reference 
Electrodeposited (ED) Ni – 
(ED) Sn 
100 – 150 58 4 × 105 [104] 
150 – 175 91 30 [104] 
Electroless Ni – HALT Sn 75 – 160 30 - [105] 
(ED) Ni – (ED) Sn matt 70 – 170 37 - [105] 
Ni sheet – dipped Sn 100 – 213 130 9 × 105 [106] 
Ni sheet – (ED) Sn 100 – 213 140 290 [106] 
It is worth noting that solid-state ageing often causes crack formation within the 
interfacial IMC layer and bulk IMCs due to considerable volume decrease (up to 
12%) during the Ni3Sn4 IMC phase formation from parenting phases [104]. (ρSn = 
7.37; ρNi = 8.91; ρNi3Sn4 = 8.64 g/cm3 [107]). 
2.3.4.   ‘Non-equilibrium’ phases during soldering in the Sn-Ni system 
In addition to the stable IMC phases expected in the Sn-Ni system at soldering 
temperatures (< 300 C) [6], Ni3Sn7, Ni3Sn8, NiSn3 and NiSn4 IMCs have also been 
reported [22-28, 31, 32, 35, 36, 85, 108] as introduced in Section 2.1.2.   
2.3.4.1.  ‘Non-equilibrium’ phases in Sn electroplated on Ni thin films 
The first comprehensive investigation of the ‘non-equilibrium’ NiSn3 phase was 
performed by Haimovich [25], who studied electroplated Sn and Sn-Pb (5µm) on Ni 
(2.5µ) reaction couples. Relatively rapid growth of the NiSn3 compound was 
observed at temperatures of 100 – 140°C. Higher temperatures or Pb additions 
effectively inhibited development of the IMC and completely eliminated it (>195 °C 
or >40wt%Pb) [25]. The three dimensional NiSn3 morphology is shown in Figure 
2.33(A). In his work, Haimovich refers to a previous investigation by Harman [23], 
who observed growth of a similar phase (denoted Ni3Sn8 by Harman) under similar 
conditions (Figure 2.33(B)). Harman found that the “lath-like” IMCs grow much 
more rapidly than Ni3Sn4 layers even at room temperature and in three years pierced 
a 10µm Sn plating, deteriorating its solderability [23].  
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Figure 2.33.  (A): NiSn3 platelets grown in matte Sn on Ni underplating. Aged 1.5 years at 50°C, 
1000x, adopted from [25]; (B): Ni3Sn8 platelets grown in bright Sn on bright Ni underplating. Aged 3 
years at 70°C, [23] 
Harman also concluded that the Ni3Sn8 IMC growth is highly affected by the type of 
plating used: bright Sn over bright Ni provides the fastest growth rate, whereas 
sulphamate Ni, irrespective of the type of Sn coating applied, virtually eliminates 
formation of  the IMC  [23]. On the other hand, Haimovich successfully used a [matte 
Sn/sulphamate Ni layer] combination for obtaining a substantial amount of the 
NiSn3 phase. A two stage growing method was developed: nucleation of the NiSn3 
crystals at 75°C (for two months) and their fast growth at 125°C (for one or two 
months). Haimovich found that the NiSn3 phase decomposes into Sn and stable 
IMCs (Ni3Sn2 and Ni3Sn4) at temperatures close to the melting point of Sn and 
constructed a T-T-T diagram for the range 260 – 200 °C (Figure 2.34).  
 
Figure 2.34. T-T-T diagram for NiSn3 IMC, adapted from [25] 
A B 
5% transformed 
95% transformed 
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A phase seeming to have the same morphology as the NiSn3 phase reported by 
Haimovich [25] was studied by Boettinger et al. [32] (Figure 2.35). 
 
Figure 2.35. SEM micrograph of a sample subjected to 1,500 thermal-cycles revealing a continuous 
layer of IMC on top of the Ni layer and NiSn4 IMC platelets surrounded by Sn, [39] 
The researchers examined Sn-whisker formation on Sn/Ni/Ag plating of barium-
titanite capacitors whilst thermal-cycling in the range of -40 - +130 °C. They observed 
a phase growing from the Ni3Sn4 interfacial IMC layer with stoichiometry close to 
NiSn4. 
Boettinger et al. used EBSD to deduce that the proposed crystal structure prototype 
for the observed phase is PtSn4 (oC20) and, by considering lattice parameters of the 
isomorphous phases PdSn4 and AuSn4, they estimated the lattice parameters for the 
NiSn4 phase.   
NiSn4 IMC was also observed by Zhang et al. [31] during similar thermal-cycling 
experiments. Assembled PBGA solder joints were cycled in the range of -40 - +125 
°C. However, Zhang et al. revealed a continuous a Ni3Sn2 layer on the Sn40Pb/Ni 
interface with the NiSn4 IMC phase on top. 
2.3.4.2.   ‘Non-equilibrium’ phases in Sn electroplated on Ni substrate 
Similar to Haimovich, a range of temperatures of 70 – 170 °C was chosen by Kay and 
Mackay for investigation of intermetallics in commonly used reaction couples [24].  
They reported on the NiSn3 intermetallic phase in the system [matt Sn/Ni substrate]. 
This system differed from that considered by Haimovich by implementation of a Ni 
substrate, which resulted in small amounts of the NiSn3 phase with a predominating 
Ni3Sn4 layer at all temperatures in the range of 70 – 170 °C. 
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Another investigation revealing NiSn3 IMC was carried out by Vitina et al. [28]. They 
investigated electrodeposited Sn/Ni-20Fe substrate reaction couples and focused on 
short term ageing at 130 and 170 °C. The researchers found the NiSn3 IMC layer to 
be highly dependent on the ageing temperature and the purity of the Sn plating. The 
higher temperature resulted in initially faster NiSn3 IMC growth until after 10 hours 
when it transformed into Ni3Sn4. Plating (99.0%Sn) contaminated with copper and 
iron resulted in more copious NiSn3 phase formation and higher growth rate [28]. 
2.3.4.3.   ‘Non-equilibrium’ phase formation during electromigration 
It was shown by Chen et al. [26] that the passage of an electric current can 
considerably increase the NiSn3 growth rate as well as its volume fraction (Figure 
2.36).  
  
Figure 2.36. SEM image of the interface of the reaction couple annealed at 100 °C for 480 hours (A): 
without passage of electric currents; (B): with the passage of electric currents of 4x103 A/Cm2  
The authors assembled diffusion couples by pouring liquid Sn into a graphite mould 
holding 0.25mm Ni foil in the centre.  After a 480-hour heat treatment at 100 °C they 
first observed platelets of NiSn3 phase (Figure 2.36(A)) on top of a continuous Ni3Sn4 
layer [26]. The NiSn3 phase was found to nucleate slower but to have a much faster 
growth rate than that of the Ni3Sn4 phase, which was in good agreement with 
previous reports [23, 25]. Nevertheless, contrary to the results in [23, 25], the growth 
of the NiSn3 IMC had a preferred orientation. It was shown that after nucleation of 
the NiSn3 phase on Ni3Sn4 grain boundaries, it grew along grain boundaries of Sn, as 
suggested by Harman [23]. 
A B 
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Combined heat treatment plus electric current resulted in copious NiSn3 IMC 
formation (Figure 2.36(B)) at the interface where the electron flow direction matches 
the direction of Ni atom diffusion. At the opposite interface only a Ni3Sn4 IMC layer 
formed [26]. Analogous experiments at higher temperatures (180 – 200 °C) [109] did 
not reveal the presence of the NiSn3 IMC. 
2.3.4.4.   ‘Non-equilibrium’ phases in solder joints in ‘as soldered’ state 
In addition to solid state ageing, the NiSn3 phase was reported to form during 
soldering but only when very thin Ni substrates are used. Choi et al. [27] 
investigated interfacial IMC layer formation during the reaction of  [electroplated 
Ni/Cu substrates]  with Sn-3.5Ag solder at 250 °C. They found that the thickness of 
the Ni plating plays an important role in the type of IMCs formed at the interface: 
NiSn3 + Ni3Sn4 at 2 µm Ni, Ni3Sn4 at 4 µm Ni, and Ni3Sn4 + Ni3Sn at 500 µm Ni 
Substrate [27].  
2.3.4.5.  Stabilization of (Ni,x)Sn4 
It has recently been shown in a phase equilibria study that Co can stabilize the NiSn4 
phase at 250 °C [36]. Additionally it has been shown that a [molten Sn/Ni3at%Co 
substrate] reaction couple after a two-hour hold in the liquid state at 250 °C 
contained a layer of (Ni,Co)Sn4 (containing 2.7at%Co) phase with very similar 
growth features to those reported for the NiSn3 phase [23, 25], even though the 
system and conditions were different [36]. The Ni3Sn4 phase was observed to 
nucleate first. With longer reaction times, the (Ni,Co)Sn4 phase started to form. The 
growth of the (Ni,Co)Sn4 was fast, and it developed to about 8.3 µm after a reaction 
at 250 °C for only two hours [36]. More Co-rich substrates (Ni-20at%Co) promoted 
even faster growth of the (Ni, Co)Sn4 IMCs and (Ni, Co)3Sn7 was found to form 
instead of the Ni3Sn4 layer at the same conditions. Chao et al. suggested, that (Ni, 
Co)Sn4 is the NiSn4 phase stabilized with Co at 250 °C. 
2.3.4.6.  Summary of past work on ‘non-equilibrium’ phases in Sn-Ni soldering 
Based on the experimental data available, it can be concluded that: 
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- almost all studies that report ‘non-equilibrium’ Ni-Sn intermetallics have 
found them after solid state ageing (sometimes involving thermal cycling) at 
temperatures of  – 40… + 195 °C; 
- the only exception found in the literature is Choi et al. [27], who observed 
NiSn3 after soldering Ni electroplated Cu substrates with Sn-3.5Ag solder. A 
range of other researchers have not found ‘non-equilibrium’ Ni-Sn IMCs 
under similar conditions to Choi et al.; 
- the fastest growth rate of the NiSn3/NiSn4 phases in reaction couples are 
within the 100 – 170 °C range; 
- nucleation and growth of the ‘non-equilibrium’ phases is highly dependent 
on the nature of the Ni substrate (bright, matte etc.), contaminants and 
roughness; 
- the thickness of the Ni coating plays an important role in the type of the IMC 
forming at the interface. NiSn3 can form at 250 °C if the Ni substrate is 2 µm 
(Choi et al [27]); 
- the addition of Co and Pd to the Ni substrate appear to promote and stabilize 
the formation of (Ni,X)Sn4 (X = Co, Pd), even at temperatures where the 
solder is liquid; 
- Pb additions to the solder inhibit development of the NiSn3 phase or 
completely eliminate it; 
- electric current passage through a solder joint effectively promote NiSn3 
phase growth at 100 °C, but not at temperatures above 180 °C when NiSn3 
was found not to form; 
This review of solder joint formation in the Sn-Ni rises the following questions: 
- Are all of the proposed ‘non-equilibrium’ phases Ni3Sn7, Ni3Sn8, NiSn3 and 
NiSn4 all independent phases? 
- Are the Ni3Sn7, Ni3Sn8, NiSn3 and NiSn4 phases metastable or do they have a 
range of stability at low temperature (below 200°C)?  
- What are the causes and mechanisms for metastable phase formation in Sn-Ni 
solder joints? 
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- Is it possible to select ageing treatments/ or alloying additions to promote or 
suppress the formation of Ni3Sn7, Ni3Sn8, NiSn3 and NiSn4 in solder joints on 
Ni substrates? 
Questions raised by this literature review: 
No study has yet investigated the solidification of Sn-rich binary Sn-Ni alloys. This 
review naturally raises the following questions: 
 How do Ni additions influence the nucleation of β-Sn, and by what 
mechanism? 
 Can any of the metastable NixSny phases that form in Sn-Ni couples also form 
during the solidification of binary Sn-Ni alloys? 
 What are the causes of the metastable phase formation in Sn-rich Sn-Ni 
alloys? 
 Is it possible to select solidification conditions and/or alloying additions to 
engineer the competition between the solidification of metastable and stable 
phases in Sn-Ni system? 
Many papers have focussed on intermetallic formation in Sn-Ni couples.  Reviewing 
this literature has raised the following questions: 
 Are the proposed ‘non-equilibrium’ phases Ni3Sn7, Ni3Sn8, NiSn3 and NiSn4 
all independent phases? 
 Are the Ni3Sn7, Ni3Sn8, NiSn3 and NiSn4 phases metastable or do they have a 
range of stability at low temperature (below 200°C)?  
 What are the causes and mechanisms for metastable phase formation in Sn-Ni 
solder joints and electroplated couples? 
 Is it possible to select ageing treatments/ or alloying additions to promote or 
suppress the formation of Ni3Sn7, Ni3Sn8, NiSn3 and NiSn4 in solder joints on 
Ni substrates? 
These questions are addressed in the remainder of this thesis. 
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Chapter 3  
Phases formed during solidification of Sn-rich Sn-Ni alloys 
3.1. Introduction 
As reviewed in Chapter 2, metastable Sn-Ni intermetallic compounds are 
occasionally found as the interfacial layers of Sn-Ni soldered joints and diffusion 
couples, but there have been no studies on the solidification of Sn-rich Sn-Ni alloys 
despite the fact that solidification is an important part of solder joint formation.  
Therefore, this chapter investigates whether any of the reported non-equilibrium Sn-
Ni phases might form during the solidification of Sn-rich Sn-Ni alloys. 
3.2. Experimental 
3.2.1.  Starting materials 
Most of the research was produced from commercial purity (CP) (99.9wt%) tin sticks 
(DS metals Ltd. UK) and commercial purity Sn-10wt%Ni master alloy (Nihon 
Superior Co., Ltd.) with  initial compositions given in Appendix 3. 
3.2.2. Alloying and casting  
CP Sn-Ni alloys containing 0-0.45 wt%Ni were studied. The following method was 
used for obtaining reproducible solidification microstructures while measuring 
cooling curves during solidification. 
Clay-graphite crucible and stainless steel mould. Alloying was conducted by adding 
the necessary proportion of master alloy to 800 grams of CP-Sn in a clay-graphite 
crucible coated with FOSECO dycote and heating in a M.L.TLW12 resistance furnace 
in air. The furnace temperature was set at 400 °C. After 1-hour at 400ºC, the mixture 
was stirred with a boron nitride (BN) coated stainless steel spoon to ensure master 
alloy dissolution. 70±10 g samples were taken using BN-coated stainless steel 
moulds with dimensions given in Figure 3.1. The mould was placed in the melt for 
20 seconds without filling to ensure that the cup was at the same temperature as the 
melt, and then it was filled with liquid sample and held for a further 15 seconds. 
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After that, the mould was removed from the melt and placed on a thermally-
insulating board. A 1.5mm diameter K-type thermocouple coated with BN was 
immersed into the centre of the specimen to monitor the cooling curve as samples 
cooled and solidified in air (Figure 3.1). A PICO-data logger and PC were used for 
recording the thermocouple signals with a reading rate of 10 measurements per 
second. 6 – 7 runs for each composition were carried out in order to study the 
reproducibility of the data acquired.  The thermocouple was calibrated for every set 
of runs (for each composition) by measuring the maximum growth temperature 
(maximum temperature reached after recalescence, see Figure 4.1) of the CP-Sn 
before and after the experiment and setting this to the established Sn melting 
temperature of 231.968 °C [15]. With this approach, the average cooling rate in the 
liquid just prior to the nucleation of βSn was ~0.5 K/s. 
 
 
 
 
 
 
 
Figure 3.1. Stainless steel mould with liquid sample and K-type thermocouple  
A range of hypo- and hypereutectic compositions were made with the following 
nominal compositions: Sn-0.03Ni, Sn-0.08Ni, Sn-0.13Ni, Sn-0.16Ni, Sn-0.2Ni, Sn-
0.37Ni, Sn-0.45Ni. 
During casting experiments, samples of the melt were poured into a specifically 
designed chemical analysis mould producing ~30g samples. Chemical analysis was 
conducted by Nihon Superior Co., Ltd using X-ray fluorescence (XRF) spectroscopy 
for compositions containing < 0.16wt% Ni and Inductively Coupled Plasma-Atomic 
Emission Spectroscopy (ICP-AES) when the Ni content was  > 0.16wt%.  The 
measured compositions are shown in Table 3.1.  
Insulating board 
K-type thermocouple 
30mm 
20mm 
Sample 
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Table 3.1. Compositions of the prepared alloys in wt%, as determined by XRF and ICP-AES  
spectroscopy.  Detected levels of Cd, Al, Zn, Bi and Ag were <0.001wt%  
Sample  
composition  
Ni,%  Pb,%  Sb,%  Cu,%  As,%  Fe,%  
Sn-0.03Ni  0.030  0.025  0.006  0.004  0.002  0.010  
Sn-0.08Ni  0.077  0.029  0.009  0.004  0.004  0.011  
Sn-0.13Ni  0.129  0.038  0.004  0.005  0.001  0.015  
Sn-0.16Ni  0.160  0.032  0.008  0.004  0.001  0.013  
Sn-0.2Ni  0.205  0.015  0.005  0.003  0.001  0.004  
Sn-0.37Ni  0.375  0.021  0.005  0.003  0.001  0.007  
Sn-0.39Ni  0.390  0.018  0.004  0.003  0.001  0.006  
Sn-0.45Ni  0.452  0.021  0.005  0.002  0.001  0.008  
  
3.2.3. Microstructural characterization 
3.2.3.1. Metallographic Preparation 
All specimens were prepared for microscopy in a similar manner. After sectioning, 
samples were mounted in Struers VersoCit acrylic cold mounting resin.  This resin 
was selected because it has a peak polymerization temperature of 90ºC and a 
hardening time of 10 minutes, and should therefore minimize microstructural 
changes in these low liquidus temperature alloys.  Samples were then ground and 
polished using the steps shown in Table 3.2 on a Struers TegraPol-15 machine. 
Specimen preparation for EBSD investigations required an additional procedure of 
polishing on a Buehler VibroMet vibration polisher for 2-3 hours to provide flatter 
scratch-free surfaces. 
Table 3.2. Typical grinding and polishing procedure 
Stage 
Silicon 
carbide paper 
grade, grit 
Duration, 
min 
Force, N 
Disk speed, 
rpm 
Coolant 
Grinding 
1 220 3 10 300 water 
2 500 4 10 300 water 
3 1200 4 10 300 water 
4 2400 5 10 300 water 
Polishing 
Stage 
Polishing 
cloth 
Duration, 
min 
Force, N 
Disk speed, 
rpm 
Polishing 
agent 
1 Porous 
neoprene 
5 10 100 Colloidal 
silica (OPS) 
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Microstructures were either examined in the as-polished condition or one of two 
etches were applied to reveal the microstructure: 
1. In order to reveal primary and eutectic phases, samples were etched in a 
solution of 5% HCl in methanol for 20-30 seconds. 
2. Deep etching was used to remove the βSn phase and reveal the three-
dimensional morphology of the intermetallics.  The solution used was 5% 
NaOH, 3.5% orthonitrophenol and 91.5% distilled H2O.  Specimens were 
immersed in the etchant at 60 °C for approximately 30 minutes.  
3.2.3.2. Approach to phase identification 
It is common to identify phases by powder XRD.  However, in this work, the volume 
fraction of the intermetallic phases was typically only a few percent which precluded 
accurate phase identification by this approach.  Therefore, phase identification was 
performed using analytical electron microscopy.  
3.2.3.3. Analytical Scanning Electron Microscopy 
Scanning electron microscopy (SEM) was performed using Zeiss GEMINI LEO1525 
and Zeiss Auriga 60 Field Emission Gun Scanning Electron Microscopes (FEG-
SEMs). 
Backscattered Electron (BSE) mode was used for phase investigation on flat surfaces 
as it provides better Z contrast sensitivity which is important for visually 
discriminating between phases. The FEG-SEMs are equipped with an Energy 
Dispersive X-ray (EDX) detector and Electron Backscattered Diffraction (EBSD) 
facilities for analytical SEM.  Phase identification was performed by combining SEM-
EDX, giving the composition, with SEM-EBSD, giving the crystal structure.  
For EDX measurements, the GEMINI LEO1525 SEM was operated in BSE mode 
under conditions of 20kV, working distance 10mm.  X-ray energy spectra were 
recorded using a liquid nitrogen cooled Oxford Instruments INCA x-sight detector, 
and were analysed using INCA software.  In order to determine the composition of a 
phase firstly a standard procedure of the system calibration was carried out on 
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cobalt target. For every analysis at least 2 points were analyzed within a particle and 
more than 3 particles of each phase were considered.  
For EBSD measurements, the sample was tilted by 70º and the SEMs were operated 
in SE mode under conditions of 20 kV, working distance 14-20mm and aperture size 
of 7-30µm. The backscattered electron diffraction patterns (Kikuchi patterns) were 
captured by an Oxford Instruments Nordlys S detector containing a 38x28mm 
fluorescent phosphor screen and a 12 bit digital CCD camera with on-chip 
integration.  
Crystallographic data for the phases in the Sn-Ni system were entered into the HKL 
Twist – Match Units software to create *.cry files, which were used then by HKL 
Flamenco acquisition software for indexing of the obtained diffraction patterns. 
3.2.3.4. Transmission electron microscopy (TEM) 
To obtain NixSny eutectic intermetallic particles for TEM investigations, Sn-0.16Ni 
samples solidified at 0.5 °C/sec were selectively etched with an aqueous solution of 
ortho-nitro-phenol and NaOH at 80⁰C until the Sn matrix was dissolved. The 
released eutectic NixSny  particles were regularly collected from the remainder of the 
Sn matrix by fracturing them off the matrix in a container with CH3OH placed in an 
ultrasound bath. The eutectic particles were placed then onto a carbon reinforced 
“holey micro grid” using a pipette and the sample was dried in air. Lattice images 
were obtained using a FEI TITAN field emission gun TEM (Philips, Netherlands) 
with an acceleration voltage of 300 kV.   
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3.3. Results and Discussion 
This section focusses on identifying the phases that formed during solidification.  
The subsequent Chapters will then address the phase transformations and reactions 
involving these phases during solidification, solder reactions and solid state ageing. 
3.3.1. Phase identification: EDX coupled with EBSD 
Up to three NixSny intermetallics formed during solidification of Sn-xNi (x=0-
0.45wt%), instead of the single intermetallic predicted by the phase diagram. Figure 
3.2 shows a BSE-SEM image of as-cast Sn-0.37Ni in which these intermetallics are 
clearly distinguishable by their Z-contrast (labelled A-C). Additionally, an Fe-
containing impurity phase was frequently observed (labelled D in Figure 3.2). 
 
Figure 3.2. BSE-SEM images of CP-Sn-0.37Ni cooled at 0.5K/s, where symbols A-D denote distinct 
intermetallic phases in β-Sn matrix 
SEM-EDX measurements revealed the intermetallic compositions.  One NixSny 
intermetallic had composition close to the expected equilibrium Ni3Sn4 phase and 
the other NixSny phases had compositions consistent with the stoichiometries NiSn4 
and Ni3Sn7 (Table 3.3). The Fe-containing intermetallic had composition close to 
FeSn2 with Ni atoms occupying Fe lattice sites as (Fe,Ni)Sn2. Note that all 
intermetallics in Table 3.3 have a mean composition that is slightly Sn-rich of (1-3at% 
higher than) the proposed stoichiometry.  This is not unexpected as examination of 
the phase diagram in Figure 2.1 shows that Ni3Sn4 has a composition range and that 
96 
 
solidification of a Sn-rich alloy is expected to produce Ni3Sn4 with composition Sn-
rich of 57at%.  However, the possibility of composition ranges makes phase 
identification by composition alone open to error.  Additionally, it is necessary to 
prove that the Fe-containing phase is FeSn2 with dissolved Ni and not a ternary 
compound. Therefore, to further confirm the phase identification, SEM-EDX was 
coupled with EBSD analysis. 
Table 3.3. Summary of SEM-EDX measurements in CP-Sn-0.37Ni 
 Number of particles  
Sn, 
at% 
Ni, 
at% 
Fe, 
at% 
Proposed 
phase 
Stoichiometry, 
at% 
Phase 
A 29 
Mean 81.19 18.81 - 
NiSn4 80:20 St. dev. 0.56 0.56 - 
Phase 
B 19 
Mean 71.76 28.24 - 
Ni3Sn7 70:30 
St. dev. 2.1 1.97 - 
Phase 
C 31 
Mean 59.31 40.69 - 
Ni3Sn4 57:43 St. dev. 0.58 0.58 - 
Phase 
D 20 
Mean 68.85 14.22 16.93 
(Fe,Ni)Sn2 67:33 St. dev. 1.42 2.55 1.93 
The overall mass fraction of the primary intermetallic compounds in Table 3.3. is 
expected to be ~0.8mass%. Quantification of volume fractions of particular phases in 
Table 3.3 was not performed in this study due to large size of the as-cast samples 
(Figure 3.1) with non-uniform distribution (Figure 4.8) of the primary phases of 
relatively small dimensions (~ 5µm for FeSn2 for instance).  
3.3.1.1. NiSn4 phase 
EBSD patterns from the intermetallics in Figure 3.2 are shown in Figure 3.3.  For the 
phase with stoichiometry close to NiSn4, the Kikuchi patterns were compared with 
all reported equilibrium and metastable NixSny phases [21, 110, 111], including the 
oC20-NiSn4 phase proposed by Boettinger et al. [39] and the tP10-NiSn4 phase 
proposed by Watanabe et al. [37] and assessed by Ghosh [18]. Furthermore, since 
NiSn4 is not an established phase, the Kikuchi patterns of prototypes βIrSn4 [112] 
and PtPb4 [113] were also analysed for comparison. The result of the NiSn4 EBSP 
analysis is summarized in Table 3.4, where 15 EBSD patterns of randomly oriented 
NiSn4 crystals were used to deduce the mean angular deviation (MAD). MAD is a 
measure of how well positions of the bands in the simulated EBSP match those in the 
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actual EBSP. 8 diffraction bands of the highest intensity were used whilst measuring 
MAD. As the result, the NiSn4 EBSD patterns could only be successfully indexed as 
oC20-structures (Table 3.4 and Figure 3.4) and were not indexable as any other 
known solution, similar to the work of Boettinger et al. [39].  
 
Figure 3.3. BSE-ESM image of a  CP-Sn-0.37Ni cooled at 0.5K/s and EBSD patterns of the present 
phases 
Table 3.4. Phases used for the  assessment of the NiSn4 EBSPs 
Phase Pearson Symbol 
Space Group 
(No.) 
Phase/ 
Prototype 
Mean 
MAD 
a; b; c lattice 
parameters, Å Ref. 
NiSn4 
oC20 Aba2 (41) 
NiSn4 0.42 6.38; 6.42; 11.27 
[39] PdSn4 0.41 6.40; 6.43; 11.49 
PtSn4 0.41 6.40; 6.43; 11.38 
AuSn4 0.40 6.50; 6.54; 11.70 
tP10 P4/nbm (125) PtPb4 NI 6.67; 6.67; 5.98 [18] 
tI40 I41/acd (142) βIrSn4 NI 6.31; 6.31; 22.77 [112] 
mC14 C2/m (12) Ni3Sn4 NI 12.21; 4.06; 5.22  [21] 
oP20 Pnma (62) Ni3Sn2 NI 4.15; 4.15; 5.25 [110] 
hP8 P63/mmc (194) Ni3Sn NI 5.19; 5.19; 4.14 [111] 
NI = not indexable 
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Comparing ‘virtual’ phases NiSn4 with Pearson symbol oC20 and tP10, Ghosh 
showed that the thermodynamic stability of the two phases is very similar and 
predicted that these ground-state structures should exist in Sn-Ni bulk alloys [18]. 
According to Ghosh’s calculations [18], the oC20-NiSn4 structure is slightly more 
stable.  Our EBSD results show that phase A in Figure 3.2  is the oC20- and not the 
tP10- NiSn4 structure. Figure 3.4 compares the NiSn4 EBSP solved as the oC20- and 
the tP10- structures. 
 
Figure 3.4. NiSn4 EBSP solved as the oC20- and the tP10- structures. Red lines show the missing 
reflectors in “tP10-“ solution 
It can be seen that NiSn4 EBSP solution as tP10- structure misses important reflectors 
(shown in red in Figure 3.4) corresponding to the {333} and {024} family of planes, 
suggesting that the real structure is likely to be face centered, with a unit cell similar 
to that proposed in [39]. NiSn4 diffraction patterns were not indexable as tP10- 
structure when more than 7 diffraction bands were used for the analysis. In contrast, 
oC20-NiSn4 structure provided a very reasonable fit with a MAD of 0.42 (Table 3.4). 
Figure 3.5 depicts oC20 and tP10-NiSn4 unit cells and lattice parameters used for the 
EBSD analysis. 
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Figure 3.5. oC20 and tP10-NiSn4 unit cells with the lattice parameters from [39] and [18] 
correspondingly 
Detailed  analysis of the NiSn4 EBSD patterns showed that even though the high-
intensity diffraction bands fit quite well to the predicted oC20-NiSn4 pattern (MAD < 
0.5°), some of the lower intensity reflections corresponding to the Sn planes in oC20-
NiSn4 structure (Figure 3.5) do not match the expected bands from a simple 
kinematic structural factor calculation (Figure 3.6).  Missing reflections might be due 
to a superlattice/superstructure which causes an increased number of systematic 
absences. As can be seen in Figure 3.6, the (122) and (211) reflectors in the solved 
pattern (highlighted in red) are not present in the original EBSP. Additionally, the 
solution misses the bands highlighted in green (Figure 3.6B). 
The NiSn4 lattice parameters suggested in [39],  can be confirmed with an accuracy of 
~5% [114]. Due to the diffuseness of the Kikuchi band edges, the EBSD technique is 
not particularly sensitive to the absolute lattice parameters and it has been found 
that isomorphous structures AuSn4, PdSn4 and PtSn4 all fit reasonably well to the 
NiSn4 EBSD patterns with MAD < 0.5° (Table 3.4). 
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 Figure 3.6. (A): typical EBSD pattern collected from NiSn4 primary phase; (B) EBSD pattern solved as 
oC20-NiSn4, where the bands highlighted in red are missing in the original pattern and the bands 
highlighted in green are missing in the solution 
Based on these results, it can be concluded that even though the suggested oC20-
NiSn4 structure does not exactly describe the real NiSn4 crystal lattice, (i) the unit cell 
parameters proposed in [39] are reasonable, (ii) the Ni atom positions in the real 
NiSn4 crystal match the Ni sublattice in the oC20-NiSn4 structure, and, (iii) the 
arrangement of Sn atoms in Sn layers is not exactly as in Figure 3.5 which may be 
due to a superlattice/superstructure.  The possibility of a superlattice is explored 
further by TEM in section 3.3.2. 
3.3.1.2. Ni3Sn7 phase 
To date, there are only two literature sources available that report on the existence of 
Ni3Sn7: Lea mentioned it on page 333 of his book [22] as one of the intermetallic 
phases that forms at the interface in Sn-Ni solder joints, however no further 
information or references are provided.  Chao et al. [36] reported on (Ni,Co)3Sn7 
formation during soldering of β-Sn onto Ni substrates containing 20at%Co. They 
concluded on the stoichiometry based on SEM-EDX compositional results and no 
further crystallographic study was performed on this phase.  
In our research, the phase with stoichiometry close to Ni3Sn7, was studied using 
EBSD. The prototypes explored as possible solutions are listed in Table 3.5. Ni3Sn7 
EBSD patterns were only successfully indexed as a dF8-structure suggesting  Im-3m 
space group (Ir3Ge7 structure type [115]) and approximate unit cell parameters. The 
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mean MAD values in Table 3.5 were deduced based on 15 solutions of randomly 
oriented Ni3Sn7 crystals. 8 diffraction bands of the highest intensity were used whilst 
measuring each MAD.  
Table 3.5. Phases used for the assessment of the Ni3Sn7 EBSPs 
Phase Pearson Symbol 
Space Group 
(No.) 
Phase/ 
Prototype 
Mean 
MAD, ° 
a; b; c lattice 
parameters, Å Ref. 
Ni3Sn7 
dF8 Im-3m (229) 
Ni3Ga7 0.35 8.43 [115] 
Ni3In7 0.42 9.18  
Pt3In7 0.34 9.43 [116] 
 Cmca (64) α-CoSn3 NI 16.86; 6.27. 6.27 [117] 
tI40 I41/acd (142) β-CoSn3 NI 6.28; 6.28; 33.74 
 Cmca (64) PdSn3 NI 17.15; 6.46; 6.49 [118] tI40 I41/acd (142) PdSn2 NI 6.49; 6.49; 24.35 
 Fm-3m (225) PtSn2 NI 6.44 [119] 
oP24 Pbca (61) AuSn2 NI 6.9; 7.01; 11.77 [120] 
mC14 C2/m (12) Ni3Sn4 NI 12.21; 4.06; 5.22  [21] 
oP20 Pnma (62) Ni3Sn2 NI 4.15; 4.15; 5.25 [110] 
hP8 P63/mmc (194) Ni3Sn NI 5.19; 5.19; 4.14 [111] 
tI2 I4/mcm (140) FeSn2 NI 6.53; 6.53; 5.32 [121] 
NI = not indexable 
Despite quite low values of MAD, the detailed crystal structure of Ni3Sn7 phase is 
yet to be determined as there are some discrepancies between the solutions and the 
collected EBSPs. For instance, Figure 3.7 demonstrates a Ni3Sn7 diffraction pattern 
solved as Ni3Ga7 where the solution misses some reflectors (labelled in red) and the 
band width is not always correct (shown in blue). Thus, the d-spacing of the planes 
{130} and {222} in Ni3Sn7 is smaller than it is in the Ni3Ga7 prototype phase.  The 
Ni3Ga7 unit cell is demonstrated in Figure 3.8.  
The presence of additional diffraction bands in the Ni3Sn7 EBSP might result from a 
slightly different atomic arrangement (atom positions) in the Ni3Sn7 unit cell 
compared to Ni3Ga7 prototype or might result from a higher order structure (super 
lattice). Further crystallographic research is required to clarify this. 
It will be shown in Chapter 4 that Ni3Sn7 was only very rarely observed in 
microstructures and, therefore, the detailed crystallography was not studied further.  
From our EDX/EBSD investigation we conclude that Ni3Sn7 has a crystal structure 
closely related to the Ir3Ge7 structure type with Im-3m space group. 
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Figure 3.7. Ni3Sn7 EBSP solved as dF8-Ni3Ga7 structure. Red lines show the missing reflectors in the 
solution, blue lines highlight the bands in the solution with an incorrect width 
 
Figure 3.8. dF8-Ni3Ga7 unit cell with the lattice parameters from [115] 
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3.3.1.3. β-Sn, Ni3Sn4 and FeSn2 phases 
The rest of the phases formed during solidification are summarized in Table 3.6. 
These phases were confirmed from their compositions (EDX) and EBSD patterns to 
be the well-established β-Sn [122], tI2-FeSn2 [121] and mC14-Ni3Sn4 phases [21].  The 
mean angular deviation (MAD) was < 0.5° for all solutions. The Fe-containing phase 
is confirmed as FeSn2 and is thus simply a binary compound with dissolved Ni and 
not a ternary compound.  The β-Sn, Ni3Sn4 and FeSn2 unit cells are shown in Figure 
3.9. 
 
Figure 3.9. β-Sn, Ni3Sn4 and FeSn2 unit cells with the lattice parameters from [122], [21], [121] 
Table 3.6. Phases used for the  assessment of the NiSn4 EBSPs 
Phase Pearson Symbol 
Space Group 
(No.) 
Phase/ 
Prototype 
Mean 
MAD, ° 
a; b; c lattice 
parameters, Å Ref. 
β-Sn tI4 I41/amd (141) β-Sn 0.22 5.83; 5.83; 3.18 [122] 
Ni3Sn4 mC14 C2/m (12) Ni3Sn4 0.34 12.21; 4.06; 5.22 [21] 
FeSn2 tI2 I4/mcm (140) FeSn2 0.27 6.53; 6.53; 5.32 [121] 
A summary of typical EBSD patterns of all observed phases and their solutions is 
depicted in Figure 3.10.  It will be confirmed in Chapter 7 that β-Sn, Ni3Sn4 and FeSn2 
are equilibrium phases and that NiSn4 and Ni3Sn7 are metastable phases. 
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 Figure 3.10. EBSD patterns and their solutions of all phases formed in CP-Sn-0.37Ni  
3.3.2. TEM analysis of NiSn4 
Since the EBSD results showed minor discrepancies in the solution of NiSn4 crystal 
as oC20-structure, further crystallographic research was performed using TEM. 
EBSD revealed that the ‘thin’ direction of the NiSn4 crystals and NiSn4 eutectic sheets 
is [001] (in oC20-NiSn4).  Thus, TEM was performed on eutectic sheets imaged along 
a direction expected to be the [001] zone axis. Figure 3.11 shows an example of a 
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high-resolution lattice image of the [001] zone axis and the electron diffraction (ED) 
pattern generated by fast Fourier transformation (FFT).  
 
Figure 3.11. (A): lattice image of NiSn4 of the [001] zone axis and (B): corresponding electron 
diffraction pattern (generated by FFT) 
A region of the lattice image is shown at higher magnification in Figure 3.12A and 
the projected atom arrangement along the [001] zone axis (assuming the oC20-NiSn4 
structure) was plotted using CrystalMaker and is shown in Figure 3.12B. The 
predicted arrangement of Ni atoms (brighter spheres in Figure 3.12B) fits well to the 
actual positions of Ni atoms in Figure 3.12A. However, the arrangement of Sn atoms 
is not clearly discernable in Figure 3.12A and additional high-resolution lattice 
images taken along low-index zone axes would be required to confirm their 
arrangement. 
 
Figure 3.12. (A): lattice image of NiSn4 of the [001] zone axis and (B): predicted atom arrangement 
along the [001] zone axis in the oC20-NiSn4 structure 
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The FFT in Figure 3.11B and selected area electron diffraction patterns similar to that 
shown in Figure 3.13A confirmed the presence of a superstructure in the NiSn4 
lattice:  weaker superlattice diffraction spots can be seen clearly between the primary 
diffraction peaks in Figure 3.13A, whereas they are absent in the simulated oC20-
NiSn4 electron diffraction pattern shown in Figure 3.13B.  
 
Figure 3.13. (A): Experimental TEM selected area electron diffraction pattern from a NiSn4 eutectic 
particle, (B): simulated electron diffraction pattern of oC20-NiSn4 along the [001] axis and (C) 
electron diffraction pattern as in (A) with labelled reflections  
Lattice image and diffraction pattern analysis revealed the following lattice 
parameters: a = 6.25Å and b = 6.29Å.  Thus, the TEM investigation confirmed the 
orthorhombic crystal structure for NiSn4 (from the different a and b lattice 
parameters) and confirmed the existence of a superstructure in the NiSn4 crystal.  
 
107 
 
Table 3.7 summarises the findings on NiSn4 and compares them with references [18, 
39].  
Table 3.7. Measured and predicted lattice parameters for NiSn4 phase 
Phase Pearson Symbol 
Space 
Group (No.) 
Super- 
structure 
Lattice parameters 
Ref. 
a, Å b, Å c, Å 
NiSn4 ND ND yes 6.25 6.29 - 
this 
work 
NiSn4 oC20 Aba2 (41) no 6.38 6.42 11.27 [39] 
NiSn4 oC20 Aba2 (41) no 6.35 6.37 11.67 [18] 
 
Combining the TEM, EBSD and EDX results, it can be concluded that the NiSn4 
phase crystallises into a structure closely related to oC20-NiSn4, where the Ni 
sublattice is the same as in the oC20-NiSn4 structure, and the arrangement of Sn 
atoms leads to a superlattice/superstructure.  Solving the detailed superstructure is 
beyond the scope of this work.  For the purpose of this thesis, the parent phase with 
prototype oC20-PtSn4 [39] will be used for the NiSn4 description since this has the 
correct lattice parameters and Ni sublattice, while the detailed positions of the Sn 
atoms are not used in the subsequent chapters.   
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3.4. Conclusions 
Chapter 3 has shown that three NixSny intermetallics can form during solidification 
of Sn-rich Sn-Ni alloys: Ni3Sn4, NiSn4 and Ni3Sn7. Ni3Sn4 is an equilibrium phase 
and, in Chapter 7 it will be confirmed that NiSn4 and Ni3Sn7 are metastable phases.  
Therefore, NiSn4 and Ni3Sn7 will be referred to as metastable phases throughout the 
thesis. Also, it has been shown that FeSn2 forms in commercial purity (CP) Sn-rich 
Sn-Ni alloys due to Fe impurities. 
A key difference between this research and previous reports on metastable NixSny 
phases, is that it has been shown for the first time that metastable intermetallics 
grow from a Sn-rich melt instead of growing during solid-state interdiffusion in Ni-
Sn couples, where they are commonly reported [23-31, 33-37, 39, 123].  
This chapter is the most detailed study of the crystallography of NiSn4 conducted to 
date.  It has been confirmed that this is an orthorhombic phase with lattice 
parameters a = 6.25Å and b = 6.29Å and that NiSn4 forms a superstructure that is 
closely related to oC20-NiSn4.  Despite forming under different conditions, the NiSn4 
phase observed in this study is similar to the phase reported by Boettinger et al. [39] 
and also had the ‘platelike’ morphology [39] which is typical of the isomorphic 
crystal group XSn4 (where X = Pd, Pt) [124].   
The only mention of Ni3Sn7 found in the literature is [22, 36], although no crystal 
structure was suggested in either reference. It has been shown here that Ni3Sn7 is 
closely related to a dF8-structure with Im-3m space group and Ir3Ge7 structure type.  
However, EBSD patterns suggest a slightly different atomic arrangement and a 
possible superlattice, and further work is required to prove the detailed 
crystallography of this phase. 
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Chapter 4  
Intermetallic formation during solidification of Sn-Ni alloys 
4.1. Introduction 
Chapter 3 showed that two metastable phases, NiSn4 and Ni3Sn7, form during the 
solidification of Sn-rich Sn-Ni alloys.  The present chapter seeks to understand the 
causes and mechanisms of metastable phase formation during solidification. 
4.2. Experimental 
4.2.1. Alloying and casting  
Alloying and casting for this series of experiments was performed using commercial 
purity (CP) and (HP) high-purity alloys. The CP samples were produced as 
described in section 3.2.2. The HP samples were produced from 99.999%Sn (supplied 
by DKL metals Ltd. UK) and 99.99%Ni (supplied by MaTecK GmbH) to investigate 
the influence of impurity levels on the solidification behaviour of Sn-rich Sn-Ni 
alloys.   
HP experiments were conducted using graphite crucibles and moulds. For this 
experiment, a high purity Sn-10wt%Ni master alloy was first produced by 
encapsulating Sn and Ni in an evacuated quartz ampoule with subsequent 
homogenisation at 1200ºC.  After a 168-hour hold, the ampoule was extracted from 
the furnace and cooled in air. 
Alloying was carried out by adding the necessary proportion of HP-master alloy to 
300 grams of HP-Sn in a graphite crucible and heating in a Lenton WHT6/30 forced 
air convection furnace at 400 °C. After 1-hour, the crucible was taken from the 
furnace, placed on a thermally-insulating board and the melt was stirred with a 
5mm diameter graphite rod. Graphite moulds were held at the same temperature of 
400 °C and taken out from the furnace just before the specimen pouring. As the 
mould was filled with the molten alloy, a 1.5mm diameter K-type thermocouple 
with quartz shielding was immersed in the centre of the specimen and an insulating 
111 
 
board was placed on top. 4 – 5 runs were performed for each composition. The rest 
of the sample preparation procedure was similar to the stainless steel crucible 
method (Figure 3.1).  
Chemical analysis results for CP-alloy compositions were shown previously in Table 
3.1, measured by XRF and ICP-AES spectroscopy. The results for the HP-alloys are 
given in Table 4.1. 
Table 4.1. Compositions of the prepared alloys in wt%, as determined by XRF and ICP-AES  
spectroscopy.  Detected levels of Cd, Al, Zn, Bi and Ag were <0.0002wt%  
Sample  
composition  Ni,%  Pb,%  Sb,%  Cu,%  As,%  Fe,%  
Sn-0.16Ni 0.148 0.0003 0.0003 ND ND ND 
Sn-0.3Ni 0.300 0.0004 ND ND ND ND 
Where ND refers to ‘under the detection limit’ of <0.0002 wt% 
  
4.2.2. Cooling curve analysis 
The measured cooling curves were analyzed by ‘Newtonian thermal analysis’, 
following methods common in research on Al and Mg casting alloys.  A  range of 
solidification parameters were deduced; Figure 4.1 shows an example of a cooling 
curve and its first derivative from which the mean cooling rate in the range of 250 – 
235 °C and the solidification time were calculated. The eutectic solidification time 
was then defined as tend – tnuc using the dT/dt data as shown in Figure 4.1(A). 
Figure 4.1(B) defines four temperatures in the early stages of solidification. Teq is the 
equilibrium liquidus temperature, Tnucl is the nucleation temperature defined as the 
temperature at which latent heat is first released, Tmin is the minimum temperature 
reached prior to recalescence, and Tg is the maximum temperature reached after 
recalescence.  These temperatures are related to the following four solidification 
parameters: 
Nucleation undercooling:  ΔTn = Teq – Tn  
Growth undercooling:   ΔTg = Teq – Tg  
Recalescence:   ΔTrec = Tg – Tmin  
Maximum undercooling:  ΔTmax = Teq – Tmin 
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Figure 4.1. (A): example of a cooling curve and its first derivative for commercial purity Sn; (B): 
focuses on the start of solidification, defining four solidification temperatures 
In each cooling curve, Tnucl, Tmin, Tg and dT/dt were measured. Since Teq is unknown, 
the nucleation undercooling is approximated here as Tg – Tnucl. 
4.2.3. Multidirectional solidification at different cooling rates  
To study the influence of cooling rate on the microstructure of Sn-Ni alloys an 
additional technique was developed. Two quartz tubes with inner diameter of 5mm 
and wall thickness of 1mm were fixed at the fan level in the centre of a forced air 
convection oven (Figure 4.2). Samples were produced by drawing 400°C liquid into 
quartz tubes of 4mm inner diameter under vacuum. A sample mass of 0.5 ±0.05g 
was then added to each tube. The first sample had a BN-coated 0.5mm K-type 
thermocouple inserted at the centre and the second tube contained a specimen for 
microstructural analysis. Samples were equilibrated at 390°C for 1 hour before 
cooling by one of four methods which produced cooling rates (in the liquid just 
prior to the nucleation of Sn) spanning four orders of magnitude. (i) Cooling in an 
ice-water slurry resulted in rates of 115-120 K/s, (ii) the furnace door fully-open 
resulted in rates of 1.7-2.6 K/s, (iii) the furnace door partially-open resulted in rates 
of 0.2-0.5 K/s, and (iv) the furnace door closed resulted in rates of 0.008-0.022 K/s. 
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Figure 4.2. (A): Lenton WHT6/30 furnace chamber view and (B): a schematic view of the 
experimental setup, where (1) is TC wire, (2) is stand, (3) is Quartz tube with the reference sample 
with a TC inserted, (4) is test specimen, (5) is alumina tube and (6) is furnace fan 
4.2.4. Unidirectional growth 
To investigate the growth mechanisms of the eutectic, CP Sn-0.13Ni was grown 
under controlled unidirectional conditions by Bridgman growth. Samples were 
produced by drawing 400°C liquid into quartz tubes of 2.8mm inner diameter under 
vacuum. A Bridgman furnace with an induction heated hot zone and Woods metal 
cold zone (75°C) was used (Figure 4.3). A 110 mm sample rod was mounted on a 
cold finger inside the furnace. The specimen was grown in an argon atmosphere at a 
pull rate V = 48 µm/s and a temperature gradient at the solid/liquid interface of G = 
7.5K/mm. The temperature gradient was monitored by an R-type thermocouple 
(mounted outside the quartz tube 40 mm above the cold finger).  
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Figure 4.3. (A): Bridgman furnace and (B): a schematic view of the specimen growth process where 
(1) is induction heating coils, (2) is water cooled glass jacket, (3) is ceramic insulation block tower 
with the sample inside, (4) is a gear box and a screw drive, (5) is a growth rate controller, (6) is the 
water heater for the Wood’s metal, (7) is Wood’s metal bath, (8) is the R-type thermocouple, (9) is 
the sample in the quartz tube and (10) is the ‘cold finger’ 
The temperature gradient at the solid-liquid interface was determined by measuring 
the slope of the temperature-distance curve at the eutectic temperature (Figure 4.4).  
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Figure 4.4. Measured temperature gradient 
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After quenching in the Wood’s metal bath, the quartz tube was broken open and the 
directionally solidified sample removed. The specimen was then sectioned at 5mm 
and 30mm using a Buehler IsoMet 5000 Linear Precision Saw. Vertical (short pieces) 
and horizontal (long pieces) mounting allowed for transverse and longitudinal 
analysis. 
4.2.5. Light Microscopy and Analytical Scanning Electron Microscopy 
Optical microscopy was conducted on an Olympus BX51 microscope, equipped with 
an Olympus DP70 digital video camera connected to a PC running AnalySIS 
software.  Samples were examined in brightfield reflected light mode with and 
without the use of cross-polarisers. 
Analytical Scanning Electron Microscopy was conducted as described in section 
3.2.3.3 
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4.3. Results 
4.3.1. Cooling curves 
Typical cooling curves and dT/dt curves for hypoeutectic, eutectic and 
hypereutectic compositions are shown in Figure 4.5. 
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Figure 4.5. Examples of cooling curves (red) and their first derivatives (grey) for (A) hypoeutectic, (B) 
eutectic and (C) hypereutectic compositions 
For the hypoeutectic alloys, no region clearly distinguishing between primary Sn 
growth and eutectic growth was evident (Figure 4.5(A)). This is because the melting 
temperature of Sn is 231.96 °C, which is very close to the measured eutectic 
temperature (231.15 °C) [15] requiring high precision  to distinguish them. The 
dT/dt curve in Figure 4.5(A) also shows only one nucleation event (due to βSn) and 
the nucleation of eutectic intermetallic does not cause a measurable nucleation 
undercooling using this method. 
For the Sn-0.45Ni hypereutectic composition, the cooling curves change slope prior 
to the eutectic reaction, which can be seen clearly from the first derivative curve 
(Figure 4.5(C)) and corresponds to the nucleation of a primary intermetallic phase.   
Cooling curve analysis showed that the nucleation behaviour of β-Sn is strongly 
affected by dilute Ni additions. Figure 4.6 shows that the nucleation undercooling 
was consistently measured to have a maximum of 12 °C for commercial purity Sn 
and to decrease to ~ 2 °C at hypereutectic compositions. The data obtained for the 
graphite and the stainless steel crucibles are very similar (Figure 4.6(B)). Note that, 
the measured nucleation undercooling is that for β-Sn, either as a primary phase or 
Sn-0.08Ni Sn-0.16Ni Sn-0.45Ni 
A B C 
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as a eutectic phase. Note also that the sharp decrease in ∆Tnucl occurs at lower Ni 
content than the three eutectic compositions in Figure 2.3. 
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Figure 4.6. Nucleation behaviour of β-Sn in Sn-rich Sn-Ni alloys. (A): representative cooling curves of 
the early stages of solidification; (B): nucleation undercooling versus measured Ni content. Error bars 
show the spread of the data points (5-8 measurements) 
More detailed data on cooling curves (including cooling rates and solidification 
times) can be found in Appendix 4. 
4.3.2. Optical microscopy 
Representative microstructures of CP compositions spanning 0.08-0.37wt%Ni 
solidified at ~0.5 K/s are demonstrated in Figure 4.7. Sn-0.08Ni solidified to form β-
Sn dendrites and eutectic (Figure 4.7A), Sn-0.16Ni formed an almost fully-eutectic 
microstructure (Figure 4.7B) and Sn-0.37Ni solidified as primary intermetallics 
surrounded by β-Sn halos, and eutectic (Figure 4.7C).  As shown in Chapter 3, the 
primary intermetallics were Ni3Sn4, FeSn2, NiSn4 and Ni3Sn7, even though only 
Ni3Sn4 is expected of equilibrium (or of Scheilean) solidification. 
 
A B 
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 Figure 4.7. Typical optical micrographs of CP as-cast (A): Sn-0.08Ni, (B) Sn-0.16Ni, (C): Sn-0.37Ni 
cooled at ~0.5K/s 
The 70±10g samples additionally exhibited significant gravity macrosegregation, 
with hypereutectic compositions containing primary intermetallics that had settled 
towards the bottom of the sample and some primary β-Sn dendrites in the upper 
part of the sample (Figure 4.8).    
 
Figure 4.8. Macrosegregation effect in CP-Sn-0.37Ni samples  
The phases that formed in samples cooled at 0.5K/s were identified by combining 
SEM-EDX and EBSD similar to Chapter 3 and are summarized in Figure 4.9, which 
Primary SnxNiy intermetallics 
β-Sn dendrites + eutectic  
150 µm 
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shows the number of phases and their reaction type (primary, eutectic or both) vs. 
Ni content.  
 
■ ■ ■ ■ ■ ■ FeSn2 
where  
 
    □ □ Ni3Sn4 
 
-  primary phase 
 
    ▲  Ni3Sn7 
 
-  eutectic phase 
 
× × × × × × NiSn4 
  - primary and 
eutectic phase 
 
● ● ● ● ● ● Sn 
 
-  not present 
 0.03 0.08 0.12 0.16 0.37 0.45    
 Measured Ni content, wt%    
Figure 4.9. Phases found in as-cast CP-Sn-Ni samples cooled at 0.5K/s 
The key results in Figure 4.9 are: (i) FeSn2 formed in all CP samples, (ii) 
hypereutectic samples contained multiple (up to three) NixSny intermetallics 
coexisting in the same microstructure and (iii) importantly, it was observed that in 
all samples, the eutectic is Sn + NiSn4 and not Sn + Ni3Sn4 as predicted by the 
equilibrium phase diagram [6]. Typical examples of the Sn-NiSn4 eutectic are shown 
in Figure 4.10.  The Sn-NiSn4 eutectic will be considered in detail in section 4.3.4 
 
Figure 4.10. Sn-NiSn4 eutectic formed in Sn-0.2Ni samples cooled at (A): 0.2K/s and (B): 0.008K/s 
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4.3.3. Primary intermetallic selection and growth during solidification 
Whilst primary Ni3Sn4, NiSn4 and FeSn2 were observed to form in every 
hypereutectic alloy studied and in a wide range of solidification conditions, Ni3Sn7 
was only found in Sn-0.37Ni solidified at 0.5K/s. Wherever Ni3Sn7 phase was found, 
it was completely surrounded by NiSn4  as shown in Figure 4.11.  
 
Figure 4.11. Ni3Sn7 enveloped by NiSn4 in Sn-0.37Ni cooled at 0.5K/s; (A) optical micrograph, (B) SE-
SEM image and (C) SEM-EDX Ni map 
EBSD studies similar to [47] suggested the existence of a highly reproducible 
orientation relationship (OR) between Ni3Sn7 and NiSn4. For example, Figure 4.12 
depicts EBSD patterns from the phases in Figure 4.11 where a common zone axis and 
common planes between the Ni3Sn7/NiSn4 crystals are highlighted in red.  
 
Figure 4.12. EBSD patterns showing the OR between Ni3Sn7 and NiSn4 and the unit cells showing 
Ni3Sn7 and NiSn4 crystal orientation generating the EBSPs 
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The general OR obtained by analyzing 12 pairs of EBSD patters can be summarized 
as follows:  [111]Ni3Sn7||[221]NiSn4 and (011)Ni3Sn7||(220)NiSn4. 
As Ni3Sn7 was observed to form only in a very narrow range of solidification 
conditions, only in trace quantities and to be very sensitive to Ni content, Ni3Sn7 did 
not form a major part of the research and will not be addressed further in this thesis. 
In contrast, NiSn4 was found to form in a very wide range of solidification 
conditions and in a wide compositional range. Therefore, NiSn4 was studied in 
detail, and particular attention was given to understanding the competition between 
the formation of NiSn4 and equilibrium Ni3Sn4. 
In hypereutectic compositions, the ratio of primary NiSn4 to Ni3Sn4 was found to 
depend on the cooling rate and, to a lesser extent, on the alloy purity, as summarised 
in Figure 4.13(A).  In CP alloys, no primary NiSn4 was observed at 0.02 K/s or lower, 
the ratio of primary NiSn4 to Ni3Sn4 increased with increasing cooling rate and, at 
115 K/s, almost all primary intermetallic was NiSn4. In HP alloys, a similar trend 
was measured but the NiSn4 to Ni3Sn4 ratio was lower at each cooling rate (Figure 
4.13(A)).   
 
Figure 4.13. (A): influence of cooling rate on primary intermetallic selection for hypereutectic CP and 
HP alloys.  (B): typical cooling curve of a hypereutectic alloy: the formation of primary intermetallic is 
not discernible 
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The influence of alloy purity was most apparent at 0.2 K/s cooling rate where some 
NiSn4 formed in CP alloys, but was absent in HP samples. 
The macroscopic kinetics of primary NiSn4 and Ni3Sn4 formation were not quantified 
in this thesis because no thermal events associated with primary NiSn4 and/or 
Ni3Sn4 were discernable in the cooling curves of alloys containing less than 
0.45wt%Ni.  Figure 4.5 shows that a primary intermetallic nucleation event occurs in 
0.45wt%Ni and Figure 4.13(B) demonstrates that no primary intermetallic nucleation 
event is discernable in HP Sn-0.3Ni between 450ºC and the nucleation of eutectic βSn 
at 228.8ºC, despite the fact that primary intermetallics are clearly present in the 
microstructures.  This can be attributed to the low latent heat flux when a small mass 
fraction of primary intermetallic forms over a wide temperature range.  For example, 
Sn-0.3Ni in Figure 4.13(B) is predicted to form only 0.8 mass% primary Ni3Sn4 over a 
freezing range of 130K using the phase diagram data in reference [125]. 
This low fraction of primary intermetallics in hypereutectic compositions allowed 
single crystals to be extracted from the matrix Sn by selective etching of the β-Sn.  
This enabled a study of the crystal habit and growth mechanisms of Ni3Sn4 and 
NiSn4 during free growth.  EBSD Kikuchi patterns were analysed to derive the 
orientation of single crystals relative to the orientation of the SEM chamber.  
Measurements of the angles between facets in numerous SEM images were then 
combined with the determined crystal orientation to deduce the facet planes. 
Figure 4.14 shows typical results of primary NiSn4 and Ni3Sn4 crystals solidified at 
0.5 K/s.  NiSn4 grew with a plate-like or “tile-like” morphology with (001), {110}, and 
{111} facets (Figure 4.14(A)-(C)). In all cases the majority of the crystal surface 
consisted of the (001) plane, producing the tile-like shape in Figure 4.14(A).  The 
relative area fraction of the {110}, and {111} facets varied from tile to tile and the {110} 
facets often contained grooves inside the crystal (Figure 4.14(B)). Additionally, the 
(001) facet was usually almost a perfect square. Although oC20-NiSn4 is 
orthorhombic [39], it is close to tetragonal having a difference between a and b lattice 
parameters of only 0.63%, producing almost square (001) facets.  In contrast, Ni3Sn4 
grew with a needle-like morphology with growth along the [001] direction and (100) 
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being the largest facet (Figures 4.14(D)-(F)).  Ni3Sn4 is an established phase [21] with 
more complicated (monoclinic) structure and no further analysis with regards to its 
many smaller growth facets was performed in this thesis.  
 
Figure 4.14. Representative NiSn4 (A,B) and Ni3Sn4 (D,E) crystals solidified in CP Sn-0.37Ni at 0.5 K/s 
followed by selective etching of the Sn; (C,F) schematic of the typical crystal habits 
With increasing cooling rate, the crystal growth morphology changed in markedly 
different ways for the NiSn4 and Ni3Sn4 phases.  Figure 4.15 demonstrates NiSn4 and 
Ni3Sn4 crystals corresponding to the extreme cooling rates at which they were still 
observed. For NiSn4, increasing the cooling rate caused the area fraction of the (001) 
facet to increase from ~74% at 0.21K/s (Figure 4.15(A)) to ~98% at 115 K/s (Figure 
4.15(B)), producing a transition from tiles to sheets with large (001)-L interface area.  
Additionally, at 115 K/s, the NiSn4 crystals grew as faceted dendrites as shown in 
Figure 4.15(B), with growth direction [100] and serrated (110) and (11-0) facets. A 
further common feature of NiSn4 growth was a spiral ramp (e.g. Figure 4.15(A)), 
most likely spreading around a screw dislocation. In contrast, the Ni3Sn4 
morphology changed from up to 4.7mm needles at 0.02K/s to ~5µm near-equiaxed 
crystals at 115 K/s and growth did not become dendritic. 
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 Figure 4.15. Influence of cooling rate on primary intermetallic growth morphology. NiSn4 (A,B) and 
Ni3Sn4 (C,D).  Note the changes in scale  
Examination of the facet surfaces revealed information on the atomic attachment 
mechanisms.  In NiSn4, the (001) facet contained numerous growth ledges, which 
were usually nonfaceted (Figure 4.16(A)-(C)).  The height of these ledges was highly 
variable, ranging from the limit of resolution in the SEM to 6 µm macroledges, and 
the interledge spacing was from 0.2µm to tens of µm.  
The nonfaceted ledges on the (001) facet were found to undergo a morphological 
transition with increasing cooling rate similar to the nonfaceted growth of metals.  
Figure 4.16(A)-(C) shows that at dT/dt= 0.2K/s ledges are near-planar, at dT/dt = 
2.62K/s most ledges have significant curvature and, at dT/dt = 115K/s some ledges 
develop into nonfaceted dendrites growing along the (001) facet and branching 
orthogonally along [100] and [010]. In contrast, under the same cooling conditions, 
Ni3Sn4 facets were notably smoother, the ledge height was smaller than most on 
NiSn4 facets (Figure 4.16(E)), and the ledges did not undergo a morphological 
destabilisation with increasing cooling rate.  On Ni3Sn4 the ledge height decreased 
with increasing cooling rate.  At the lowest cooling rates (less than 0.02 K/s) when 
NiSn4 did not form, the height of the Ni3Sn4 ledges reached ~1 µm (Figure 4.16(D)), 
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whereas no ledges were observable on Ni3Sn4 facets by SEM at the highest cooling 
rate studied (115 K/s) (Figure 4.15(E)). 
 
Figure 4.16. Comparison of ledges morphology on NiSn4 and Ni3Sn4 facets. (A)-(C): ledges growing on 
the (001) facet of NiSn4 : (A) near planar at 0.21 K/s, (B) cellular at 2.62 K/s and (C) dendritic ledge 
growth at 115 K/s; (D)-(E): ledges growing on (100) facets of Ni3Sn4 : (A)  0.02 K/s (b) 0.5 K/s.  Note 
the changes in scale 
4.3.4. NiSn4 vs. Ni3Sn4 eutectic growth 
Another key finding of this study is that the majority of the eutectic in each sample 
was Sn+NiSn4 and not Sn+Ni3Sn4 as predicted by the equilibrium phase diagram [6], 
regardless of the cooling rate applied, for both commercial- and high-purity, and in 
all solidification conditions used.  In the as-cast samples of Figures 4.7 and 4.10, it 
can be seen that the Sn-NiSn4 eutectic has a broken-lamellar morphology with many 
NiSn4 lamellae aligned along distinct directions and some regions of more ‘irregular’ 
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eutectic. Figure 4.17 shows additional examples of Sn-NiSn4 eutectic after selective 
etching of β-Sn 
 
Figure 4.17. (A) region of highly aligned Sn-NiSn4 eutectic formed in Sn-0.2Ni during cooling at 
2.5K/s; (B)  region of irregular eutectic formed in Sn-0.37Ni sample cooled at 0.5K/s; (C) and (D) 
eutectic in Sn-0.2Ni sample cooled at 0.5K/s.  (A),(B) are heavily etched, (C),(D) are lightly etched 
Unidirectional solidification experiments allowed a more detailed study of Sn-NiSn4 
eutectic growth. Representative SE-SEM micrographs of transverse and longitudinal 
sections of unidirectionally grown CP Sn-0.13Ni are shown in Figure 4.18. The 
microstructure is fully-eutectic Sn+NiSn4 and has a broken-lamellar morphology, 
with particularly thin lamellae (0.2-2.5 µm).  Although the NiSn4 lamellae are broken 
when imaged on 2D sections (Figures 4.17D and 4.18(A,B)), etching of β-Sn reveals 
that NiSn4 lamellae are continuous in 3D (Figure 4.18(C,D)) as is common in broken-
lamellar eutectic growth [126].  NiSn4 continuity is achieved by branching and 
rejoining which interlink the lamellae.  For example, Figure 4.18(D) shows multiple 
branching and rejoining events such that it is not clear from Figure 4.18(D) whether 
growth was up or down. Deep etching showed that many of the more ‘irregular’ 
regions of this eutectic are regions where the lamellae are interlinking. 
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 Figure 4.18. SE-SEM images of unidirectionally solidified Sn-NiSn4 eutectic in CP Sn-0.13Ni (A,B) 
transverse section and (D,E) deep etched longitudinal sections. Growth directions are indicated in 
the left bottom corner 
The unidirectionally grown sample solidified with two eutectic grains.  In grain A 
(Figure 4.18(A)) the NiSn4 lamellae had 0.2 – 1 µm thickness, whereas in grain B 
(Figure 4.18(B)) their thickness frequently reached 2 – 2.5 µm (determined from deep 
etched samples). The crystallographic orientation relationships (ORs) in each eutectic 
grain were studied by indexing and analyzing pairs of EBSD patterns obtained from 
NiSn4 lamellae and the adjacent β-Sn phase as described in [47]. The orientation of 
more than 25 different lamellae was investigated and sets of Euler angles were 
derived for both phases. Two reproducible ORs were determined for grains A and B: 
 
OR1: (001)NiSn4 ||(011)Sn and [110]NiSn4 || [111]Sn (grain A) 
OR2: (008)NiSn4||(100)Sn and [110]NiSn4||[012]Sn (grain B) 
 
We assume here that it is (008)NiSn4 plane involved in OR2 and not (001) as the 
preferred OR established during lamellar eutectic growth usually involves planes 
with the most similar atomic densities and interplanar spacings of the interface 
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planes [127]. Considering the crystallography of the Sn and assuming oC20- crystal 
structure for NiSn4 as described in [122] and [39], it can be found that the atomic 
density at any (008) plane in NiSn4 is 9.77 atom/nm2. The comparable value for the 
(100) plane of Sn is 10.78 atom/nm2. The stacking sequence of Sn planes is about 0.29 
nm in Sn and about 0.28 nm in oC20-NiSn4. It is likely on these grounds that the 
(008)NiSn4 plane establishes the lowest energy interface with (100)Sn plane. 
However, as has been shown in Chapter 3, Sn planes in NiSn4 crystals have a 
superstructure, which might influence the crystallography of the suggested OR2. 
 
The derived ORs are shown in a stereographic projection in terms of [110]NiSn4 in 
Figure 4.19. From the distribution of the data points on the stereographic projection 
it can be seen that the phases appear to be aligned along the interfacial planes but are 
frequently twisted along the growth directions. Figure 4.19(B) shows the atomic 
arrangement in (011)Sn and (001)NiSn4 planes for OR1. Calculations according to 
Bramfitt’s method [45] give a planar lattice disregistry of 5.1%. For OR2, the atomic 
arrangement in the interfacial planes is shown in Figure 4.19(C) and the planar 
lattice disregistry is ~5%. Figure 4.19(D) summarizes the observed ORs and 
demonstrates the involved interfacial planes and growth directions. 
 
Based on the measured ORs, the angles of NiSn4 alignment in Figure 4.18(A,B) can 
be interpreted. The angle of ~42° between the NiSn4 lamellae in the transverse cross 
section of grain A (Figure 4.18(A)) can be understood by considering the angle 
between the (011) and (0-11) planes in β-Sn. Whereas the angle of ~60° between the 
NiSn4 lamellae occasionally observed in grain B is consistent with the angle between 
(011) and (010) in the β-Sn grain. 
 
Similar OR investigation in the multidirectionally solidified samples showed that the 
orientation of NiSn4 lamellae in the Sn-NiSn4 eutectic is usually correlated with the 
{101} family of planes in the adjacent Sn phase, and can be summarized as follows: 
 
(001)NiSn4||{101}Sn and [110]NiSn4||<111>Sn 
 
Note that OR1 found for unidirectional solidification is a specific example of this 
general OR.  Furthermore, similar to the unidirectional solidification case, the 
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interfacial planes were found to be frequently twisted from the common growth 
direction by up to ±20°. 
 
 
Figure 4.19. (A) Stereographic projection showing the experimentally determined ORs between 
NiSn4 and β-Sn eutectic phases (plotted in terms of [110]NiSn4); (B)-(C) atom arrangement for the OR 
planes; (D) NiSn4 and β-Sn unit cells with OR planes and growth directions denoted  
130 
 
In hypo-eutectic and fully-eutectic 
microstructures, the Sn-NiSn4 eutectic 
grew exclusively.  In contrast, in hyper-
eutectic samples, both the Sn-NiSn4 
and Sn-Ni3Sn4 eutectics grew in the 
same sample and there was 
significantly more Sn-Ni3Sn4 eutectic in 
HP than CP samples. However, in all 
cases, the Sn-Ni3Sn4 eutectic only 
existed as a small fraction (traces in CP 
alloys) and grew from pre-existing 
primary Ni3Sn4 crystals. Figures 
4.20(A,B and D) show regions of Sn-
Ni3Sn4 eutectic growing from primary 
Ni3Sn4 in HP Sn-0.3Ni and CP Sn-
0.37Ni.  The eutectic Ni3Sn4 
morphology is faceted and forms a 
highly-branched structure (Figure 
4.20(B,C)). Figure 4.20(A) is a typical 
example of Sn-Ni3Sn4 eutectic that has 
grown a few hundred µm from a 
primary Ni3Sn4 crystal before being 
overgrown by the Sn-NiSn4 eutectic.  
Note that the bright ‘matrix’ 
surrounding the Sn-Ni3Sn4 eutectic in 
Figure 4.20(A) is Sn-NiSn4 eutectic. The 
transition between the Sn-Ni3Sn4 
eutectic and Sn-NiSn4 eutectic is shown 
at higher magnification in Figure 
4.20(C). 
 
Figure 4.20. Regions of Sn-Ni3Sn4 eutectic in 
hypereutectic alloys. (A,B): Sn-Ni3Sn4 eutectic 
growing from primary Ni3Sn4 in HP Sn-0.3Ni 
cooled at 0.2 K/s. The matrix in (A) is Sn-NiSn4 
eutectic. (C): transition region between Sn-Ni3Sn4 
and Sn-NiSn4 eutectic from the sample in (A) and 
(B). (D): traces of (Ni,Cu)3Sn4  growing from 
primary Ni3Sn4 in CP Sn-0.37Ni cooled at 0.5 K/s.  
(A) is an optical micrograph. (B), (C) and (D) are 
SE-SEM images of deep etched samples 
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A comparison of the eutectic in CP and HP samples showed that, in hypo- and fully-
eutectic samples, the Sn-NiSn4 grew with a similar morphology irrespective of the 
alloy purity.  In hypereutectic compositions, the alloy purity influenced the eutectic 
microstructures.  First, hypereutectic HP alloys contained a significantly higher 
fraction of Sn-Ni3Sn4 eutectic than in CP alloys.  For example, the microstructure in 
Figure 4.20(A) is typical of hypereutectic HP-alloys, whereas deep etching of the βSn 
was usually required to reveal eutectic Ni3Sn4 growing from primary Ni3Sn4 in 
hypereutectic CP-alloys as shown in Figure 4.20(D).  It was further found that, in CP 
alloys such as Figure 4.20(D), eutectic Ni3Sn4 contained a significant Cu content (~11 
at%Cu) whereas primary Ni3Sn4 and all forms of NiSn4 contained negligible Cu (see 
Table 4.2). 
Table 4.2. Copper content in primary and eutectic phases in Sn-0.37Ni sample solidified at 0.5 K/s as 
determined by SEM-EDS  
 Primary phases 
 NiSn4 Ni3Sn4 
 Ni, at% Cu, at% Sn, at% Ni, at% Cu, at% Sn, at% 
Mean 19.16 ND 80.96 39.91 0.96 59.13 
St.dev. 0.44 - 0.97 1.12 0.85 0.82 
 Eutectic phases 
 NiSn4 Ni3Sn4 
 Ni, at% Cu, at% Sn, at% Ni, at% Cu, at% Sn, at% 
Mean 19.33 ND 80.78 33.13 11.16 55.71 
St.dev. 0.36 - 0.12 1.72 2.08 1.43 
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4.4. Discussion 
4.4.1 Nucleation of βSn 
Where a small body of previous research has shown that Ni additions in lead-free 
solders slightly reduce the β-Sn nucleation undercooling [68, 71], it has been shown 
during our study that the nucleation behaviour of Sn-Ni system is strongly affected 
by dilute Ni additions: β-Sn nucleation undercooling rapidly decreased from ~12K 
for CP Sn to ~ 2 °C for compositions containing > 0.16Ni (Figure 4.6). As reviewed in 
Section 2.2.2, a number of elements have been explored as enhancers of the 
heterogeneous nucleation of β-Sn with Zn, Co, Ti, Mg, Al etc. shown to be the most 
effective additions. Two suggestions have been put forward to explain the effect of 
these minor impurities on nucleation of β-Sn: (i) the additions cause clusters of their 
atoms in the liquid which act as nucleation sites for Sn [62],  and (ii) the additions 
cause formation of intermetallics or oxides, which may be potent nucleating 
substrates for Sn [64]. However, no mechanisms by which these additions can 
promote β-Sn nucleation have been confirmed.  
Based on our experimental results, it is likely that in the case of Sn-Ni alloys, 
primary NiSn4 is a heterogeneous nucleation site for Sn because Sn and primary 
NiSn4 commonly shared an interface of low lattice disregistry (Figure 4.19) and the 
nucleation undercooling decreases as the fraction of primary NiSn4 increases (Figure 
4.6). Attempts were made to prove this by measuring the ORs between primary 
NiSn4 and the surrounding Sn, but this was not conclusive because there were 
usually many primary NiSn4 crystals within one Sn-NiSn4 eutectic grain and, 
therefore, it was not possible to confirm which, if any, primary NiSn4 particle was 
the active nucleant.  However, evidence for this nucleation mechanism can be 
inferred from Figure 4.21 which shows that eutectic NiSn4 sheets sometimes grew 
from NiSn4 primary crystals.  Therefore, the coupled Sn-NiSn4 eutectic grew from 
these NiSn4 primary crystals, and it is very likely that eutectic Sn nucleated on the 
primary NiSn4 crystals with the OR in Figure 4.19 and coupled growth of NiSn4 and 
Sn then grew from the primary NiSn4 crystals. 
133 
 
 Figure 4.21. NiSn4 eutectic growing off NiSn4 primary crystals (β-Sn matrix was selectively removed)  
In the case of hypo-eutectic compositions, the significant drop in β-Sn nucleation 
undercooling (Figure 4.6) can also be explained by nucleation of β-Sn on NiSn4. In 
this case, eutectic NiSn4 most likely nucleates first (below the eutectic temperature) 
and then acts as a nucleation site for β-Sn. Hypo-eutectic compositions have higher 
undercooling than hypereutectic compositions because eutectic NiSn4 must nucleate 
as the βSn supercools in hypo-eutectic alloys whereas NiSn4 already exists in hyper-
eutectic compositions. 
4.4.2 Solidification of Ni3Sn7 
In the rare cases that Ni3Sn7 was present it was always enveloped by NiSn4 (Figures 
4.11 and 4.12).  This suggests that Ni3Sn7 formed before NiSn4 and that there was an 
incomplete metastable peritectic reaction of the type: L + Ni3Sn7  NiSn4.  The 
reproducible OR between Ni3Sn7 and NiSn4 is most likely due to the nucleation of 
NiSn4 on Ni3Sn7 with an orientation that minimises the interfacial energy. 
4.4.3 Solidification of NiSn4 vs. Ni3Sn4 
Since the Sn-NiSn4 eutectic grew under all conditions studied in this research, it is 
necessary to discuss whether NiSn4 might be an equilibrium phase at the eutectic 
temperature.  For example, the results could be explained to some extent by a 
peritectic reaction: L + Ni3Sn4  NiSn4, followed a eutectic reaction: L  Sn + NiSn4, 
and a eutectoid reaction that transforms NiSn4 back into Ni3Sn4 via: NiSn4  Sn + 
Ni3Sn4.  Indeed, a similar situation occurs in the Sn-Au system where the above 
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reactions occur with the ‘role’ of NiSn4 played by AuSn4 and Ni3Sn4 played by 
AuSn2.   However, no evidence is found for this being the case in the Sn-Ni 
equilibrium phase diagram. (i) NiSn4 was never found to envelope (or indeed have 
an interface with) primary Ni3Sn4 crystals as would be expected of the incomplete 
peritectic reaction L + Ni3Sn4  NiSn4; and (ii) no isothermal holding temperature 
was found at which NiSn4 did not transform to Ni3Sn4 and Sn or liquid.  As will be 
shown in more detail in Chapter 7, all the results in this thesis suggest that NiSn4 is 
metastable at all temperatures. 
It is clear that competition between the growth of Ni3Sn4 and NiSn4 is important in 
phase selection during both primary and eutectic solidification of Sn-rich Sn-Ni 
alloys.  To explain the cooling rate dependence on primary intermetallic selection 
(Figure 4.13(A)) and the competitive growth of two eutectics (Figure 4.20) in 
hypereutectic compositions, we consider factors governing phase selection.  During 
competitive growth between two phases, one phase is selected if it has more 
favourable nucleation and growth kinetics than the other phase [42].  As both NiSn4 
and Ni3Sn4 grew as primary phases in the same sample and both were present at the 
onset of the eutectic reaction, the presence of NiSn4 does not seem to be related to 
nucleation difficulties of Ni3Sn4. Instead, the increasing ratio of primary NiSn4 to 
primary Ni3Sn4 with increasing cooling rate (Figure 4.13(A)) suggests that NiSn4 has 
easier growth kinetics than Ni3Sn4. We therefore examine the growth advantages 
that NiSn4 may have over Ni3Sn4 during solidification. 
Figure 4.13(A) shows that primary Ni3Sn4 is the only primary intermetallic to form at 
low cooling rate and that the fraction of NiSn4 increases with increasing cooling rate. 
Comparison of the ledge morphology in primary crystals shows the growth 
advantages of NiSn4 during free growth. Ledges in NiSn4 usually have a significant 
height, there are numerous macroscopic steps providing numerous favourable 
attachment sites on the L-(001) interface (Figures 4.15-4.16), and the frequently 
observed spiral ramps around the centre of NiSn4 crystals provide a continuous 
source of new ledges (as can be seen in Figure 4.15(A)). Furthermore, NiSn4 grows 
with nonfaceted macroscopic ledges that can grow as cells or dendrites at high 
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cooling rate (Figure 4.16(C)).  In contrast, Ni3Sn4 grows with a relatively small 
number of low near-planar ledges at the same cooling rates (Figure 4.15(E), 
4.16(D,E)).  These combined observations suggest that NiSn4 has significantly easier 
interface attachment kinetics than Ni3Sn4 during free growth in a Sn-rich melt, 
allowing primary NiSn4 to prevail over Ni3Sn4 at high cooling rates. 
Figure 4.13(A) also shows that alloy purity influences the competition between 
primary Ni3Sn4 and NiSn4 formation, with NiSn4 being promoted in commercial 
purity alloys.  This suggests that impurities affect the nucleation and/or growth 
kinetics of primary Ni3Sn4 and/or NiSn4.  The role of Fe impurities is the subject of 
Chapter 6. 
4.4.4 Eutectic Growth 
In hypo- and fully-eutectic microstructures, the Sn-NiSn4 eutectic grew exclusively, 
and in hyper-eutectic samples, Sn-NiSn4 was the majority of the eutectic. 
Equilibrium Sn-rich eutectics form in the systems with isomorphic intermetallics 
PdSn4, PtSn4 and AuSn4 [128-130]. Of these, the growth of the Sn-AuSn4 eutectic is 
reported in the literature [131-133], allowing a comparison with our Sn-NiSn4 
eutectic growth results. Similar to the Sn-AuSn4 eutectic, the Sn-NiSn4 eutectic is of 
nonfaceted-faceted type and yet exhibits regions with almost perfect lamellar 
alignment in addition to small regions of irregular eutectic. In these systems, the 
crystallography of growth seems to dictate the morphology, causing a combination 
of preferred interfaces during growth. The measured interface plane 
(001)NiSn4||(100)Sn involves the closest packed planes in both the NiSn4 crystal and 
the βSn crystal, as well as forming the lowest lattice mismatch in the two crystals 
(~5%). This interface plane also allows the growth direction for NiSn4 during eutectic 
growth in OR1, [100], to be equal to that selected during free growth of primary 
NiSn4 crystals. On the other hand, there is a distinct difference between Sn-NiSn4 
and Sn-AuSn4 eutectic systems: the volume fraction of NiSn4 in the Sn-NiSn4 eutectic 
is ~0.76%, whereas there is ~31vol% AuSn4 in the Sn-AuSn4 eutectic. The selection of 
a broken-lamellar morphology with only 0.76% of the minor phase requires very 
thin sheets of NiSn4. By forming thin lamellae, the NiSn4-Sn interfacial area consists 
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almost exclusively of the preferred OR, which ensures a relatively ‘regular’ structure 
compared to other nonfaceted-faceted eutectics such as Al-Si and Fe-C [126]. The 
alignment and OR was also maintained in as-cast samples where there are multiple 
growth directions and varying thermal gradients and interface velocities, further 
highlighting the importance of low energy Sn-NiSn4 interfaces in this system. 
The growth of the Sn-NiSn4 eutectic rather than Sn-Ni3Sn4 requires that the Sn-NiSn4 
eutectic can grow at higher temperature than Sn-Ni3Sn4 over the range of 
solidification conditions of this study.  The growth temperature, 𝑇𝐺, of each eutectic 
is given by the eutectic temperature, 𝑇𝐸 ,minus the eutectic growth undercooling, ∆𝑇 
[42]: 
𝑇𝐺
𝑆𝑛−𝑁𝑖𝑥𝑆𝑛𝑦 = 𝑇𝐸𝑆𝑛−𝑁𝑖𝑥𝑆𝑛𝑦 − ∆𝑇𝑆𝑛−𝑁𝑖𝑥𝑆𝑛𝑦 
For the Sn-NiSn4 eutectic, 𝑇𝐺𝑆𝑛−𝑁𝑖𝑆𝑛4  was measured to be 231.2±0.3ºC, less than 
0.7±0.3K below the melting point of pure Sn.  Thus, 𝑇𝐸𝑆𝑛−𝑁𝑖𝑆𝑛4 must be slightly higher 
than 231.2±0.3ºC and the difference between 𝑇𝐸𝑆𝑛−𝑁𝑖3𝑆𝑛4  and  𝑇𝐸𝑆𝑛−𝑁𝑖𝑆𝑛4  cannot be 
more than 1K if Sn-Ni3Sn4 is the equilibrium eutectic and Sn-NiSn4 is a metastable 
eutectic.  In this case, the growth undercooling of the Sn-NiSn4 eutectic would not 
need to be significantly less than the Sn-Ni3Sn4 growth undercooling in order for the 
Sn-NiSn4 eutectic to grow at higher temperature. A combination of factors lead to the 
conclusion that the Sn-Ni3Sn4 eutectic would most likely require a higher growth 
undercooling than the Sn-NiSn4. First, consideration of lattice disregistry between 
Ni3Sn4 and the dense atomic planes in Sn show large planar lattice disregistries of at 
least 27% (unless “zig-zag” planes are considered). Furthermore, it can be inferred 
based on the observed ledge morphologies on the primary phases, that eutectic 
Ni3Sn4 would experience more significant interface attachment difficulties than 
eutectic NiSn4.  
The small fraction of Sn-Ni3Sn4 eutectic growing from primary Ni3Sn4 in Figure 4.20 
suggests that there may be conditions under which the Sn-Ni3Sn4 eutectic is the 
selected eutectic.  Impurities appear to be important in this system since 
hypereutectic HP-alloys contained significantly more Sn-Ni3Sn4 than equivalent CP 
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alloys. Since the CP alloys contain a range of impurity species, further work is 
required to understand the role of each impurity and to quantify growth conditions 
that promote Sn-Ni3Sn4 growth 
 The presence of 0.002 – 0.005wt%Cu in CP alloys (Table 3.1) led to a high Cu-content 
(11at%) in eutectic Ni3Sn4 and negligible Cu-content in primary Ni3Sn4, primary 
NiSn4 and eutectic NiSn4 (Table 4.2), suggesting that Cu may significantly affect 
competition between the NiSn4 and Ni3Sn4 eutectics.  It is probable that Cu was 
rejected at all solid/liquid interfaces during Sn-NiSn4 eutectic growth so that the 
liquid became increasingly Cu-rich until a high-order reaction occurred involving 
(Ni,Cu)3Sn4.  The presence of 11at% Cu in eutectic (Ni,Cu)3Sn4 in CP alloys when 
only 0.005wt%Cu exists in the bulk alloy suggests that higher Cu additions may 
significantly affect NiSn4 formation in Sn-rich Sn-Ni-Cu alloys.  This may be 
significant to soldering since Cu is an essential constituent in the electronics industry 
and solders can gain Cu during contact of molten solder with Cu metallizations even 
if the initial solder was Cu-free. 
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4.5. Conclusions 
Chapter 4 has examined the conditions under which metastable intermetallics form 
during the solidification of Sn-rich Sn-Ni alloys. The key findings are: 
1. Ni3Sn7 forms in trace quantities and only in a very narrow range of 
solidification conditions and composition (Sn-0.37Ni cooled at 0.5 K/s).  
When Ni3Sn7 was present it was enveloped by NiSn4, suggesting an 
incomplete metastable peritectic reaction of the type: L + Ni3Sn7  NiSn4. 
2. In contrast, NiSn4 forms as both a primary and a eutectic phase over a wide 
range of solidification conditions in commercial-purity and high-purity Sn-
Ni alloys containing 0-0.45wt%Ni. 
3. The nucleation behaviour of the Sn-Ni system is strongly affected by dilute 
Ni additions: the nucleation undercooling  decreases from ~12K for CP Sn to 
~ 2K for compositions containing > 0.16Ni. This appears to be due to βSn 
nucleating on NiSn4 with low lattice disregistry.  
4. Both primary NiSn4 and Ni3Sn4 crystals grew in hypereutectic compositions, 
with NiSn4 being promoted by an increased cooling rate. Comparison of 
growth ledges on NiSn4 and Ni3Sn4 growth facets suggests significant 
advantage of the interface attachment kinetics for NiSn4 compared to Ni3Sn4.  
For example, nonfaceted growth ledges on the (001) facets of NiSn4 
underwent a morphological transition from planar to cellular to dendritic 
ledges with increasing cooling rate, whereas Ni3Sn4 ledges were always 
planar and of low height. 
5. The majority of eutectic formed in CP and HP Sn-0-0.45 wt%Ni alloys was 
Sn-NiSn4 regardless of the solidification conditions used.  The Sn-NiSn4 
eutectic grew with an orientation relationship that suggests a high 
anisotropy in Sn-NiSn4 interfacial energies, resulting in a strongly preferred 
interface with Sn during coupled growth. Two distinct reproducible ORs 
have been determined, both with low Sn-NiSn4 lattice disregistry. 
6. In hypereutectic compositions, a small fraction of Sn-Ni3Sn4 eutectic grew in 
addition to Sn-NiSn4 eutectic, often growing from primary Ni3Sn4 crystals. 
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Chapter 5  
Soldering of Sn and Sn-Ni alloys to Ni-based substrates 
5.1. Introduction 
Chapters 3 and 4 demonstrated that NiSn4 forms during solidification of Sn-rich Sn-
Ni alloys. NiSn4 grew both as a primary and as a eutectic phase under a wide range 
of solidification conditions, and in both commercial purity and high-purity 
(99.999wt%) alloys. A natural question then arises of whether NiSn4 forms during 
the solidification of Sn or Sn-Ni alloys during soldering to Ni-containing substrates. 
Although many papers have been published on Sn soldered to Ni-containing 
substrates (e.g. [2, 90-95, 134, 135]), none have mentioned primary or eutectic NiSn4 
in the bulk solder.  The present chapter aims to clarify this matter. 
Additionally the present Chapter investigates the interfacial intermetallic (IMC) 
layers forming during soldering of Sn-Ni alloys to Ni-containing substrates in order 
to reveal whether the IMC layers might contain any of the non-equilibrium Sn-Ni 
phases reported in [23-31, 33-37, 39, 123]. 
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5.2. Experimental 
5.2.1. Soldering  
Five types of substrate were used in this study: (i) highly oxidised Ni as a 
nonreactive substrate, (ii) cleaned and fluxed CP Ni, (iii) fluxed Electroless Nickel 
Immersion Gold (ENIG)-coated Cu, (iv) cleaned and fluxed CP Fe-42wt%Ni and (v) 
cleaned and fluxed HP (99.99%)Ni.  All CP-Ni substrates were produced from 
0.5mm thickness annealed sheet (Advent Ltd.).  HP-Ni substrates were rolled to 
0.5mm thickness from 99.99%Ni pellets (Alfa Aesar).  ENIG plating was performed 
by Photomechanical Services Ltd. SEM of the ENIG-plated Cu confirmed a 4-5µm 
Ni-P layer containing ~16at%P and a ~0.01µm Au layer. Coupons of 1cm x 1cm were 
cut from the sheets.  In the case of reactive substrates, the coupons were cleaned with 
HCl and covered with RM-5 flux (Nihon superior Co., Ltd.)  
To produce commercial-purity solder preforms, Sn, Sn-0.07Ni, Sn-0.2Ni and Sn-
0.45Ni were prepared by mixing the required amount of a CP Sn-10wt%Ni master 
alloy with 300g of 99.9%Sn in a graphite crucible and heating in a resistance furnace 
to 400°C. After 1-hour holding, the melt was stirred with a preheated graphite rod 
and drawn into 4mm quartz tubes under vacuum. The obtained solder rods were 
then rolled to 150µm thickness and cut into 1cm x 1cm preforms.  
To produce high-purity solder preforms, Sn, Sn-0.07Ni, Sn-0.2Ni and Sn-0.45Ni were 
prepared by mixing the required amount of a HP Sn-10wt%Ni master alloy 
(produced as described in section 4.2.1) with 100g of 99.999%Sn in a high purity 
graphite crucible and heating in a resistance furnace to 400°C. The rest of the HP-
preforms preparation procedure was similar to the CP-preforms preparation  
method described earlier. 
 
Soldering was conducted in a Tornado LFR400 reflow furnace (Surclean Co. Ltd.).  A 
0.3mm thick Ni carrier plate held 24 samples with a K-type thermocouple attached 
to monitor the temperature. Figure 5.1 demonstrates the measured thermoprofile 
used in this study. The heating rate is 1K/s, the time above Sn-Ni eutectic 
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temperature is ~80s, the peak temperature is 253°C and the cooling rate is about 
3K/s. 
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Figure 5.1.  Reflow thermal profile measured by a K-type thermocouple attached to a Ni substrate 
Specimen preparation for consequent SEM, SEM-EBSD and optical investigations 
were as previously described in sections 3.2.3. and 4.2.5. 
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5.3. Results 
5.3.1. Bulk microstructures of as-soldered joints 
Fig. 5.2 shows optical micrographs of representative bulk microstructures of CP-Sn, 
CP-Sn-0.07Ni and CP-Sn-0.45Ni foils reflowed (i) with nonreactive substrates (Figure  
5.2 A-B), (ii) on CP-Ni substrates (Figure  5.2 C-D), (iii) on ENIG-plated Cu (Figure  
5.2 E-F) and (iv) CP-Fe-42Ni (Figure  5.2 G-H) substrates.  
5.3.1.1. Foils reflowed with nonreactive substrates 
The foils reflowed with nonreactive substrates give the microstructures that form for 
the same sample size and thermal profile as the joints of this chapter, but in the 
absence of reactive interdiffusion.  In hypoeutectic compositions (e.g. Sn-0.07Ni), this 
microstructure consists of β-Sn dendrites and Sn-NiSn4 eutectic (Figure 5.2A).   
  
Figure 5.2.  Typical as-reflowed microstructures of: foils reflowed on nonreactive substrates (A) Sn-
0.07Ni and (B) Sn-0.45Ni; foils reflowed on Ni substrates: (C) CP-Sn and (D) Sn-0.45Ni; foils reflowed 
on ENIG-plated Cu substrates: (E) CP-Sn and (F) Sn-0.45Ni and foils reflowed on Fe-42Ni substrates: 
(G) CP-Sn and (H) Sn-0.45Ni  
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 In hypereutectic compositions (e.g. Sn-0.45Ni in Figure 5.2B), both primary Ni3Sn4 
and primary NiSn4 form and the remainder of the sample consists of Sn-NiSn4 
eutectic and β-Sn (Figure 5.2B). Typical primary crystals from the reflowed foils are 
shown in Figure 5.3(A,B).   
 
Figure 5.3. (A)-(B): Typical primary crystals formed in hyper-eutectic foils reflowed on nonreactive 
substrates. (A) NiSn4 and (B) Ni3Sn4; (C)-(D): EBSD diffraction patterns and solutions. (C) is  NiSn4 
indexed as oC20-NiSn4 and (D) is Ni3Sn4 indexed as cF56-Ni3Sn4; (E) typical Sn-NiSn4 eutectic region in 
a hyper-eutectic foil 
Similar to the bulk alloys in Chapters 3 and 4, primary NiSn4 crystals in foils have a 
faceted tile-like morphology, with the majority of the NiSn4-L interfacial area 
comprising of the (001) facet. Primary Ni3Sn4 crystals grew with a needle-like 
morphology growing along the [001] direction and (100) being the largest facet (as 
shown previously in Chapter 4). The Sn-NiSn4 eutectic is shown at higher 
magnification in Figure 5.3E.  In the foils, this eutectic has a broken-lamellar or flake 
morphology (Figure 5.3E), with the NiSn4 phase growing as thin sheets (~0.2 µm). 
The measured compositions of the primary and eutectic intermetallics are 
summarised in Table 5.1.   
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Table 5.1. SEM-EDX measurements for the phases exist in the bulk and at the interface with 
substrates (mean values of at least 10 measurements) 
  Composition, at% 
Phase  P Fe Ni Sn Cu 
Foils reflowed with nonreactive substrates 
Eutectic  - - 18.1 81.9 - NiSn4 
Primary 1 - - 40.4 59.6 - Ni3Sn4 
Primary 2 - - 18.9 81.1 - NiSn4 
Foils reflowed with Ni substrates 
BULK 
Eutectic  - - 18.2 81.8 - NiSn4 
Primary 1 - - 40.2 59.8 - Ni3Sn4 
SUBSTRATE INTERFACE 
layer 1 - - 40.8 59.2 - Ni3Sn4 
Foils reflowed with ENIG plated Cu substrates 
BULK 
Eutectic 1 - - 18.2 81.8 - NiSn4 
Eutectic 2 - - 33.3 59.8 6.9 (Ni,Cu)3Sn4 
Primary   41.8 58.2 - Ni3Sn4 
SUBSTRATE INTERFACE 
layer 1 15.7 - 84.3 - - Ni:15P 
layer 2 24.1 - 72.8 3.1 - Ni3(P,Sn) 
layer 3 13.2 - 51.2 35.6 - Ni2SnP 
layer 4 - - 41.1 58.9 - Ni3Sn4 
Foils reflowed with Fe-42Ni substrates 
BULK 
Eutectic -  18.3 81.7 - NiSn4 
Primary 1 - 5.3 39.2 55.5 - (Ni,Fe)3Sn4 
Primary 2 - 23.9 14 62.1 - (Fe,Ni)Sn2 
SUBSTRATE INTERFACE 
layer 1 - 38.4  61.6 - FeSn2 
 
5.3.1.2. Bulk microstructures on CP Ni-substrates  
Figures 5.2(C,D) show typical solder joints on Ni-substrates:  CP-Sn and Sn-0.45Ni 
soldered to Ni respectively.  For both compositions, the bulk microstructure consists 
of primary Ni3Sn4 crystals and Sn-NiSn4 eutectic (Figure 5.2(C,D) and 5.4).  Thus, 
during soldering with CP-Sn, sufficient Ni was dissolved into the liquid ahead of the 
Ni3Sn4 layer to form primary Ni3Sn4 crystals in the bulk solder.  A significant result 
is that, unlike foils solidified without a reactive substrate, no primary NiSn4 crystals 
formed in the bulk when a Ni substrate was used.  The eutectic in CP-Sn on Ni joints 
was found to be Sn-NiSn4, similar to the foils solidified without a reactive substrate. 
Figure 5.4A shows the Sn-NiSn4 eutectic in the bulk solder above the reaction layer 
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in a CP-Sn on Ni joint.  Figure 5.4B is a similar area after etching to remove the 
matrix Sn. The eutectic NiSn4 has a flake morphology, similar to with unreactive 
substrates (Figures 5.2(A,B) and 5.3E), and is distributed between the dissolved Sn 
dendrite arms.  
 
Figure 5.4. SEM images showing typical NiSn4 eutectic formed in CP-Sn foils soldered to CP-Ni 
substrates: (A) as-polished, (B) after selective etching of β-Sn   
5.3.1.3. Bulk microstructures on ENIG-substrates 
In solder joints on ENIG finish, the bulk microstructures were similar to the joints on 
Ni-substrates (Figures 5.2(E,F)), except for one significant difference.  In 0.07Ni, 
0.2Ni and 0.45Ni alloys, two types of eutectic formed (Figure 5.5): Sn-Ni3Sn4 and Sn-
NiSn4, with compositions summarised in Table 5.1. Figure 5.5B demonstrates the 
difference in morphology between these eutectics.  NiSn4 in Sn-NiSn4 forms very 
thin sheets, usually with a preferred Sn-NiSn4 interfacial orientation relationship as 
discussed in Chapter 4.  In contrast, in most cases the Sn-Ni3Sn4 eutectic grows with 
a complex, highly branched morphology.   
 
Figure 5.5. Two types of eutectic: Sn-Ni3Sn4 and Sn-NiSn4 in Sn-0.2Ni foil soldered to ENIG: (A) optical 
micrograph (B) SEM image revealing the 3D morphology of the eutectics (deep etched) and (C) 
solder joint interfacial area with two eutectic intermetallics just above it 
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Figure 5.5C shows the Sn-0.2Ni/ENIG solder joint interfacial area and the two types 
of eutectic intermetallics just above it.  SEM-EDX analysis showed that eutectic 
Ni3Sn4 typically contained up to 7at%Cu (Table 5.1).  
SEM examination of the initial ENIG –plated Cu and the soldered couple suggests 
that the origin of Cu in the solder bulk was imperfections in the ENIG plating.  
Figure 5.6A shows cracks in the initial Ni-P layer, and Figure 5.6B shows rare 
submicron Sn channels penetrating down into the Cu substrate, enabling the 
dissolution of Cu into the liquid solder during the initial reaction stages. 
Quantification of the crack density in the Ni-P layer yielded an average value of ~2.6 
cracks per 10µm length of the Ni-P layer. 
 
Figure 5.6. Defects in ENIG plating causing Cu dissolution during soldering: (A) SEM image showing 
cracks in initial ENIG plating, (B) BE image showing Sn-channels to Cu substrate in a Sn-0.45Ni/ENIG 
solder joint 
With both Ni-substrates and ENIG-substrates, the primary Ni3Sn4 crystals in the 
bulk microstructure were commonly located in the vicinity of the substrate or near 
the surface of the solder, whereas the region between was usually free of primary 
Ni3Sn4, containing only β-Sn and Sn-NiSn4 or Sn-Ni3Sn4 eutectic.  Primary Ni3Sn4 at 
the surface and near the substrate can be seen in Figure 5.7.  Primary Ni3Sn4 can be 
also seen near the ENIG substrate in (Figure 5.5C).  It is worth noting that, for all 
alloys studied and both Ni and ENIG substrates, the primary Ni3Sn4 crystals in the 
bulk are larger than the thickness of the as-soldered Ni3Sn4 interfacial layer, as can 
be seen in Figure 5.7.  
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Figure 5.7. SEM images of primary Ni3Sn4 crystals formed in Sn-0.2Ni foil soldered to ENIG located (A) 
on the surface of the solder and (B) near the substrate  
5.3.1.4. Bulk microstructures on Fe-42Ni substrates 
Fe-42Ni was considered in the study because it is used in electronics as a substrate 
for Si lead-frames due to the similar coefficient of thermal expansion of Fe-42Ni and 
Si.  Figures 5.2(G,H) show typical solder joints on CP Fe-42Ni-substrates:  CP-Sn and 
Sn-0.45Ni soldered to Ni respectively.  In solder joints with Fe-42Ni substrates the 
bulk microstructure contained Sn-NiSn4 eutectic with FeSn2 crystals measuring ~0.5-
1µm dispersed in the vicinity of the substrate (Figure 5.8A). The FeSn2 volume 
fraction increased significantly when Ni-containing solders were used. SEM-EDX 
results (Table 5.1) showed considerable Ni solubility in FeSn2 (up to 14-16at%).   
 
Figure 5.8. SEM images of (A): NiSn4 eutectic formed in Sn foil soldered to Fe-42Ni substrate and (B): 
primary Ni3Sn4 crystals formed near the substrate in Sn-0.45Ni foil soldered to Fe-42Ni  
Figure 5.2G demonstrates a typical microstructure of a CP-Sn/Alloy42 solder joint, 
which differs from the rest of the solder/substrate combinations by a notably lower 
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volume fraction of eutectic. This is consistent with the dissolution rate of the Fe-42Ni 
substrate being considerably slower than the Ni substrate (as can be predicted from 
the Sn-Fe equilibrium phase diagram [136]) resulting in hypo-eutectic 
microstructures when CP-Sn was soldered to the substrate. When Ni-containing 
solders were used (Sn-0.07Ni, Sn-0.2Ni and Sn-0.45Ni) large primary Ni3Sn4 crystals 
started to form close to the substrate interface, similar to the previous 
solder/substrate combinations. However in this case Ni3Sn4 contained up to 
~5wt%Fe (Table 5.1). Another important difference between Fe-42Ni substrates and 
Ni substrates is that the interfacial IMC layer formed on Fe-42Ni is FeSn2, instead of 
the Ni3Sn4 that forms on Ni substrates. The IMC layers will be considered in detail in 
section 5.3.2. 
Table 5.2 summarizes the intermetallic phases observed in the bulk and at the 
substrate interface for the complete experimental matrix of CP alloys studied. 
Importantly, in all cases, the eutectic that formed in the solder joint bulk is the Sn-
NiSn4 eutectic (and not the Sn-Ni3Sn4 eutectic) which has not been reported 
previously. 
Table 5.2:  The summary on the phases observed in the bulk and at the Ni, ENIG or Fe-42Ni substrate 
interface in the studied solder joints. eut .= eutectic phase, pr. = primary phase 
Substrate 
Solders 
CP-Sn Sn-0.07Ni Sn-0.2Ni Sn-0.45Ni 
nonreactive 
Bulk 
- eut.NiSn4 
eut.NiSn4 + 
pr.Ni3Sn4 + 
pr.NiSn4 
eut.NiSn4 + 
pr.Ni3Sn4 + 
pr.NiSn4 
CP-Ni 
Bulk 
eut.NiSn4 + 
pr.Ni3Sn4 
eut.NiSn4 + 
pr.Ni3Sn4 
eut.NiSn4 + 
pr.Ni3Sn4 + 
eut.NiSn4 + 
pr.Ni3Sn4 + 
Substrate interface: Ni3Sn4 
ENIG 
Bulk 
eut.NiSn4 + 
pr.Ni3Sn4 
eut.NiSn4 + 
eut.Ni3Sn4 
pr.Ni3Sn4 
eut.NiSn4 + 
eut.Ni3Sn4 
pr.Ni3Sn4 
eut.NiSn4 + 
eut.Ni3Sn4 
pr.Ni3Sn4 
Substrate interface: Ni3Sn4 + Ni2SnP + Ni3P 
CP-Fe-42Ni 
Bulk 
eut.NiSn4 + 
pr.FeSn2 
eut.NiSn4 + 
pr.FeSn2 
pr.Ni3Sn4 
eut.NiSn4 + 
pr.FeSn2 
pr.Ni3Sn4 
eut.NiSn4 + 
pr.FeSn2 
pr.Ni3Sn4 
Substrate interface: FeSn2 
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5.3.1.5. Bulk microstructures on HP Ni-substrates 
The bulk microstructure of the HP-Sn on HP-Ni solder joints contained βSn 
dendrites and βSn-NiSn4 eutectic as shown in Figure 5.9.   
 
Figure 5.9. SEM images showing typical NiSn4 eutectic formed in HP-Sn foils soldered to HP-Ni 
substrates: (A) interfacial zone and (B) bulk of the solder joint 
Chapter 4 showed that hypereutectic HP-Sn-Ni alloys usually solidify to contain 
some equilibrium βSn-Ni3Sn4 eutectic in addition to βSn-NiSn4. To explore whether 
this also occurs in Sn-Ni solder joints, experiments on soldering different HP-Sn-xNi 
compositions to HP-Ni substrates were performed.  It was found that some βSn-
Ni3Sn4 eutectic grows when the HP-Sn-xNi solder contains sufficient Ni 
(approximately > 0.07wt% Ni).  Figure 5.10 is an example of a HP-Sn-0.2Ni on HP-Ni 
joint containing both βSn-NiSn4 and βSn-Ni3Sn4 eutectics in the bulk solder.  Note 
that Figure 5.10A and 5.10B show exactly the same region of the solder joint (the 
large Ni3Sn4 crystal in the left corner can serve as a reference point). Figure 5.10 A is 
an optical micrograph and Figure 5.10B is an SEM image of the same region after 
selective etching of β-Sn. Similar to the HP Sn-Ni bulk alloys, considered in Chapter 
4, Sn-Ni3Sn4 eutectic formed in very low quantities (up to ~20% of the eutectic) in 
solder joints. However, Sn-Ni3Sn4 eutectic in solder joints was not observed to 
originate from pre-existing primary Ni3Sn4 crystals which was the case for HP bulk 
alloys (Figure 4.20). Figure 5.10C compares the Sn-NiSn4 and Sn-Ni3Sn4 eutectics and 
it can be seen again that the βSn-NiSn4 eutectic forms with very thin NiSn4 sheets, 
whereas the βSn-Ni3Sn4 eutectic has a complicated branched structure.  
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Figure 5.10. Both Sn-NiSn4 and Sn-Ni3Sn4 eutectics in the bulk solder of a HP-Sn-0.2Ni/HP-Ni joint. (A) 
optical micrograph, (B) SEM image of the region as in (A) after selective etching of β-Sn and (C)  
compares the morphologies of Sn-NiSn4 and Sn-Ni3Sn4 eutectics   
5.3.2. Interfacial layers in as-soldered joints 
Figure 5.11 are SE-SEM images of typical cross-sections of as-soldered interfacial 
IMC layers in the solder-substrate combinations considered in this study.  After the 
same reflow profile, there are significant differences in the interfacial IMC layer 
thicknesses on the different substrates, with ENIG resulting in the thickest layers and 
Fe-42Ni the thinnest. 
To quantify the layer thickness, the SEM images were analyzed by IQ Materials 
(Media Cybernetics) software.  The IMC layer thicknesses were derived by 
measuring their area and then dividing the area by the interface length. At least 10 
SEM images of different interfacial regions were used in the quantification. 
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 Figure 5.11. Typical interfacial IMC layers in all solder-substrate combinations studied 
Figure 5.12 summarises the influence of solder composition and substrate on the as-
soldered interfacial layer thickness.  The error bars correspond to the range of 
standard deviation of 10 measurements.   
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Figure 5.12. Average as-soldered IMC layer thickness for all solder-substrate combinations after the 
reflow profile in Figure 5.1 
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Figure 5.12 shows that there is no significant influence of the solder composition, Sn-
xNi (x=0-45wt%Ni), for HP-Ni, CP-Ni or Fe-42Ni substrates.  However, for ENIG 
substrates it appeared that soldering of Ni-containing solders resulted in thicker 
IMC layers of up to 6.37µm (for Sn-0.2Ni) in contrast to the thickness of ~4.17µm  for 
the IMC layers that formed during soldering of CP Sn to ENIG.  
Neither NiSn4 nor Ni3Sn7 was found in the as-reflowed interfacial layers in any 
experiment.  The detailed interfacial layer microstructures are presented in the 
following sections. 
5.3.2.1. Interfacial layers on HP-Ni, CP-Ni and ENIG substrates 
In both CP and HP Sn-Ni joints, a single interfacial layer of Ni3Sn4 was the only layer 
detected within the resolution limits of the FEG-SEM used, which is in agreement 
with previous studies [2, 90-92, 95]. The only difference between the CP-Sn-xNi/CP-
Ni and HP-Sn-xNi/HP-Ni combinations was the thickness of the IMC layer. In the 
CP Sn-Ni solder joints, there was a 2.08±0.18µm thick interfacial layer of Ni3Sn4 
whereas, when high purity materials were used, the IMC layer thickness decreased 
to 0.86±0.035µm (Figure 5.12). 
The reaction zone in ENIG-plated solder joints was more complicated with multiple 
layers and with Ni3Sn4 as the intermetallic on the Sn side. The as-reflowed thickness 
of the interfacial Ni3Sn4 layer was significantly thicker on ENIG (5.37±0.67µm) 
compared to on Ni substrates (2.08±0.18µm), (Figure 5.12). The Ni3Sn4 layers appear 
fragmented in 2D sections, particularly on ENIG substrates (Figure 5.11).  However, 
after β-Sn matrix dissolution, Figure 5.13 shows that the Ni3Sn4 layer consists of 
multiple Ni3Sn4 crystals growing into the solder with either a needle-like or faceted-
polygonal morphology and with a range of growth directions. 2D sections through 
such a microstructure yield the ‘fragmented’ appearance in Figure 5.11. 
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 Figure 5.13. Ni3Sn4 layers after reaction of Sn-0.45Ni with (A),(C) Ni and (B),(D) ENIG substrates. 
Samples have been deep etched. Top images are from the side; bottom images are from above 
Figures 5.13(C,D) show the Ni3Sn4 crystals from above, after dissolution of the Sn, 
for both Ni and ENIG substrates.  The two Ni3Sn4 morphologies can be readily 
distinguished: needle-like and faceted-polygonal. 100 crystals with each morphology 
were selected and their mean width measured.  The grain size distributions are 
shown in the histogram in Figure 5.14 and in Table 5.3.   Notably, the submicron 
needle-like Ni3Sn4 crystals were more than two times larger on ENIG than on Ni 
substrates (for an identical reflow profile, since all joints were placed on the 
conveyer at once).  This can be confirmed by examining Figures 5.13(A-D). The 
crystal habits of the needle-like crystals on the interface were found to be similar to 
those of primary Ni3Sn4 crystals in bulk Sn-Ni alloys, as described in Chapter 4. 
According to previous research [90, 92], the large interfacial polygonal Ni3Sn4 
crystals are the product of coarsening of the smaller needle crystals during the 
reaction with molten solder.  Since this has been studied in detail previously, it was 
not studied further here. 
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Figure 5.14. Grain size distribution of the Ni3Sn4 crystals in the interfacial layers 
Table 5.3. Mean width of the two types of Ni3Sn4 crystals at Sn-0.45Ni/Ni and Sn-0.45Ni/ENIG 
interfaces 
  Ni substrate ENIG 
needle-like crystals 
Mean width, µm 0.22 0.49 
St. dev. 0.09 0.13 
faceted-polygonal 
crystals 
Mean width, µm 2.02 1.85 
St. dev. 0.31 0.22 
 
The reaction layers in as-reflowed Sn-ENIG solder joints were detected to be as 
follows: un-reacted Ni:15P layer / Ni3(P,Sn) / Ni2SnP / Ni3Sn4,  as summarised in 
Table 5.1 and shown in Figures 5.15 and 5.16. No phosphorous or gold were 
measured in the Ni3Sn4 IMC layer or in the intermetallics or βSn in the solder bulk. 
As all the phases formed at the interface and in the bulk were consistent with 
previous research [137-139], their identity was confirmed only by SEM-EDX and no 
further SEM-EBSD phase discrimination was performed. 
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 Figure 5.15. SE image and SEM-EDX maps of the interfacial zone in as reflowed Sn-0.45Ni/ENIG 
solder joint 
 
Figure 5.16. Reaction layers in as-reflowed Sn-0.2Ni/ENIG solder joint.  Layer compositions are given 
in Table 5.1.  
5.3.2.3. Interfacial layers on Fe-42Ni-substrates 
During soldering to Alloy42, only an FeSn2 layer was detected at the interface, which 
is consistent with [134, 135, 140]. A notable difference between the interfacial layers 
on other substrates is that the FeSn2 layer is significantly thinner than the Ni3Sn4 
layer after the same solder profile (Figure 5.12):  the Ni3Sn4 IMC layer formed in CP-
Sn-Ni joints was 2.08±0.18µm thick, whereas the average thickness of the FeSn2 
layers in CP-Sn-Fe-42Ni joints was 0.27±0.23µm similar to ref. [141]. Figure 5.17 
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demonstrates the FeSn2 interfacial layer after the β-Sn matrix was selectively 
removed. It was frequently observed for Sn/Fe-42Ni solder joints that the βSn-NiSn4 
eutectic grew directly from the FeSn2 layer (Figure 5.17B). In contrast, a common 
feature for Sn-xNi/Ni joints is a depletion zone of about 10-15µm just above the 
interfacial layer where the eutectic is absent (e.g. Figures 5.9-5.10). The role of FeSn2 
on NiSn4 formation is the subject of Chapter 6. 
 
Figure 5.17. FeSn2 reaction layers in as-reflowed Sn-0.45Ni/Fe-42Ni solder joint.  (A): side view and 
(B): view from above 
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5.4. Discussion 
Most past research [90-94, 99, 102, 103] on Sn-Ni solder reactions has focused on the 
growth of interfacial layers, and little attention has been given to phase formation in 
the bulk solder adjacent to the layers. Figure 5.2 shows that, in Sn and Sn-Ni foils 
reflowed to Ni, ENIG and Fe-42Ni substrates, the eutectic that forms in the bulk is 
Sn-NiSn4 and not Sn-Ni3Sn4 as would be expected from the equilibrium Sn-Ni and 
Sn-Ni-Fe phase diagrams [6, 142].  This seems to have been missed in past research. 
Importantly, as NiSn4 forms by a eutectic reaction, it is present throughout the 
majority of the solder bulk. 
It has been previously shown in Chapter 4 that the Sn-NiSn4 eutectic grows with one 
of two orientation relationships that both give a low lattice mismatch of ~5% [143].  
Thus, it is likely that the presence of the Sn-NiSn4 eutectic is, at least in part, caused 
by the relatively low interface energies achievable between Sn and NiSn4.  
Another finding of this Chapter is that primary NiSn4 crystals did not grow in any of 
the Sn-Ni, Sn-ENIG or Sn-Alloy42 solder joints, whereas primary NiSn4 did form 
during the solidification of foils on nonreactive substrates under the same reflow 
profile (Figure 5.2).  The tile-like morphology of primary NiSn4 in Figures 5.2B and 
5.3A is very similar to the NiSn4 that grew in 30-70g Sn-Ni cylinders at a similar 
cooling rate in Chapter 4, suggesting that the thin sample did not significantly 
influence microstructure formation. Previous investigations on large samples 
showed that primary NiSn4 formation is cooling rate and Ni content dependent: 
Primary NiSn4 formation requires a hypereutectic composition (~>0.16Ni), is 
promoted by high cooling rates, and the ratio of primary NiSn4 to Ni3Sn4 decreases 
with increasing Ni content above ~0.16 wt%Ni (Figure 4.13).  One possibility, 
therefore, is that dissolution of the substrates enriched the liquid solder in Ni 
sufficiently to prevent primary NiSn4 formation with Ni and ENIG substrates.   
Comparing the reflow profile in Figure 5.1 with the phase diagrams in Figures 2.1-
2.3, it can be noted that the primary Ni3Sn4 will not have completely remelted during 
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reflow of some of the hypereutectic foils.  However, Table 5.2 shows that this did not 
influence the phases that formed.   
The reasons for the formation of low fractions of the equilibrium Sn-Ni3Sn4 eutectic 
whilst soldering in HP Sn-Ni system are similar to the reasons for Sn-Ni3Sn4 
formation during solidification of the HP Sn-Ni bulk alloys, previously discussed in 
Chapter 4. 
The presence of Sn-(Ni,Cu)3Sn4 eutectic in addition to Sn-NiSn4 eutectic in Sn-Ni 
alloys soldered to ENIG seems to be related to Cu dissolution from the Cu under-
sheet as shown in Figure 5.6.  In these samples, the Cu content in primary Ni3Sn4 is 
negligible (by EDX measurements), whereas there is ~7at% Cu in eutectic 
(Ni,Cu)3Sn4 (Table 5.1).  The importance of dissolved Cu from the under-sheet can be 
seen from a simple mass balance: For a  0.004wt% Cu impurity level, only ~10% of 
the eutectic in the system can form as Sn-(Ni,Cu)3Sn4, with the remainder forming as 
Sn-NiSn4.  Optical microscopy, however, showed considerably higher amounts of 
the Sn-Ni3Sn4 eutectic in many solder joints, showing that extra Cu was dissolved 
during reflow, consistent with the cracks in the Ni-P layer in Figure 5.6A and the 
channels of Sn to the Cu layer in Figure 5.6B. 
This role of Cu has similarities to the finding in CP Sn-0.4Ni described in section 
4.3.3 where primary Ni3Sn4 contained negligible Cu and traces of eutectic 
(Ni,Cu)3Sn4 formed with ~11at% Cu.  However, in that case, there was no source of 
Cu other than the 0.002-0.005wt%Cu impurities and significantly less eutectic 
(Ni,Cu)3Sn4 formed than in Figure 5.5A. These results show that dilute Cu additions 
significantly affect the formation of Ni3Sn4 and nonequilibrium NiSn4 in Sn-rich Sn-
Ni alloys.  7-11at% Cu is close to the maximum solubility of Cu in Ni3Sn4 at 220-
270ºC [144-147], and this eutectic most likely grew late during solidification.  An 
additional significant difference with the results in section 4.3.3 is that eutectic 
(Ni,Cu)3Sn4  grew from primary Ni3Sn4 crystals during that study, which was not the 
case here. 
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5.5. Conclusions 
To date, most research on Sn-Ni solder reactions has focussed on the interfacial 
reactions with the substrate.  This Chapter emphasises the importance of the bulk 
microstructure as well as the interfacial layers during soldering of Sn and Sn-Ni 
alloys to Ni, ENIG and Fe-42Ni substrates.  The main findings are: 
1. The majority of eutectic that forms in the bulk solder during soldering of Sn 
and Sn-Ni alloys to CP and HP-Ni, ENIG and Fe-42Ni substrates is, in each 
case, Sn-NiSn4 and not Sn-Ni3Sn4 as would be expected from the equilibrium 
phase diagrams in the literature.   This seems to have been missed in past 
research. 
2. Comparison of solidification on nonreactive substrates and on Ni, ENIG and 
Fe-42Ni substrates, showed that primary NiSn4 crystals formed in addition to 
primary Ni3Sn4 when a nonreactive substrate was used (as in Chapter 4), 
whereas only primary Ni3Sn4 formed in the bulk microstructure of solder 
joints. 
3. Whereas previous research occasionally reported non-equilibrium NixSny in 
the as-soldered interfacial layers between Sn and Ni [23-31, 33-37, 39, 123], the 
present study did not find metastable phases in the reaction layers.  Instead, 
joints on Ni and ENIG substrates had a layer of Ni3Sn4 on the Sn-side. 
4. For the same solder profile, the as-soldered Ni3Sn4 interfacial layer is 
significantly thicker when Sn is soldered to ENIG than to a pure Ni substrate. 
5. For the same solder profile, the as-soldered FeSn2 layer thickness on Fe-42Ni 
is only ~0.2µm, ~10 times thinner than the Ni3Sn4 layer on Ni and ~25 thinner 
than the Ni3Sn4 layer on ENIG. 
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Chapter 6  
Role of Fe in the solidification and soldering of Sn-Ni alloys 
6.1. Introduction 
As noted in Chapter 3, the CP-Sn-Ni samples solidified to contain some FeSn2 as an 
impurity phase.  During the work in Chapters 3, 4 and 5, it was noticed that FeSn2 
crystals were frequently attached to NiSn4 in as-solidified Sn-Ni microstructures. 
Therefore the present Chapter aims to study the influence of Fe on NiSn4 formation, 
both when Fe is present as an impurity and when an Fe-42Ni substrate is used for 
soldering.  Understanding the role of Fe is important for the following reasons:  
(i) Although it is not widely reported, FeSn2 forms during the solidification of 
most commercial Pb-free solders due to impurity iron. Figure 6.1 gives examples of 
FeSn2 crystals present in the liquid at 240°C in three alloys relevant to soldering 
(alloys compositions are given in Table 6.1).   
  
Figure 6.1. FeSn2 crystals in commercial purity Pb-free solders held in borosilicate glass tubes at 
240°C for 24 hours. (a): bottom of a quenched sample of Sn-0.09Ni, (b)-(d): FeSn2 crystals in the 
settled layer of: (b) Sn-0.3Ag-0.7Cu-1.6Bi-0.2In, (c) Sn-0.09Ni, and (d) Sn-0.7Cu. 
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FeSn2 is present in the liquid because most CP Pb-free solders contain 0.001 – 
0.005wt%Fe [148] which is significantly more than the Sn-FeSn2 binary eutectic 
composition of 0.0005wt%Fe (5ppm by mass) [15, 136] and is also significant with 
respect to the phase equilibria of multi-component solders.  Thus, it is important to 
understand how FeSn2 crystals affect non-equilibrium NixSny intermetallic formation 
in Sn-rich melts containing Ni.   
(ii) Fe-42Ni is sometimes used as a substrate for Si lead-frames due to the 
similar coefficient of thermal expansion of Fe-42Ni and Si.  In this case, the interfacial 
intermetallic between Fe-42Ni and most Pb-free solders is FeSn2 as has been shown 
in Chapter 5 and in [134, 135, 140, 141]. During soldering, the FeSn2 layer is adjacent 
to liquid solder containing Ni dissolved from the Fe-42Ni.  It is therefore of interest 
to explore whether metastable NixSny formation is affected by a FeSn2 interfacial 
layer. 
This Chapter seeks to understand (i) how FeSn2 crystals influence the formation of 
non-equilibrium NiSn4, (ii) how altering the Fe content affects the solidification of 
Sn-rich Sn-Ni-Fe alloys, and (iii) how an FeSn2 interfacial layer affects NiSn4 
formation in solder joints between Sn and Fe-42Ni substrates. 
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6.2. Experimental 
Commercial purity and high purity Sn-Ni-Fe alloys containing 0.2-0.45wt%Ni and 
0.0002-0.1wt%Fe were studied. The CP alloys were prepared by mixing a CP Sn-
10wt%Ni master alloy with 300g of 99.9%Sn (Fe levels: 0.005-0.015wt%) in a graphite 
crucible and heating in a resistance furnace to 600°C. After 1-hour at hold, the melt 
was stirred, some of the melt was drawn into 4mm quartz tubes under vacuum, and 
some of the melt was taken for chemical analysis by ICP-AES.  The remainder was 
solidified in graphite moulds with a K-type thermocouple at the centre of the sample 
producing 60±10g cylindrical samples for microstructural analysis. The cooling rate 
just prior to the nucleation of βSn was 0.25-0.3 K/s, similar to solidification 
experiments described in section 4.2.1. The 4mm solder rods were cold rolled to foil 
of 150 µm thickness and cut to 10mm x 10mm solder preforms.  
High-purity samples were prepared in the same manner using 99.999%Sn, 99.99%Ni 
and 99.99%Fe and high purity graphite moulds and crucible. In this case, high purity 
Sn-10wt%Ni and Sn-0.5wt%Fe master alloys were first produced by encapsulating 
the required mass of the corresponding materials in an evacuated quartz ampoule, 
and holding at 1200 ºC for one week. Table 6.1 shows the compositions of the CP and 
HP alloys, measured by ICP-AES. 
Since the phase equilibria of Sn-rich Fe-Ni-Sn alloys have not been studied 
extensively [142], some experiments were conducted to determine the Sn-rich 
isothermal sections at 235-400ºC.   High-purity Sn-Ni-Fe alloys were held vertically 
in borosilicate glass test tubes at a temperature in the range 235-400ºC for 24hrs and 
were then quenched in water.  If present, the low fraction of intermetallic particles 
(up to ~1 vol%) settled to produce a sedimented layer similar to Figure 6.1A.  The 
compositions of the intermetallics at each quenching temperature were then studied 
by SEM-EDX. 
The solidification sequence was investigated by an interrupted solidification 
method. 10mm x 10mm x 0.15mm Sn-Ni-Fe preforms were heated to 400°C with a K-
type thermocouple attached to a hotplate and then cooled at ~0.2K/s.  Solidification 
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was interrupted at 350, 310, 270, 250, 240, and 235°C by quenching the foils with 
water. 
Table 6.1. Compositions of the alloys in wt%, as determined by ICP-AES. Detected levels of Cd, Al and 
Zn were <0.001 wt% for CP alloys and <0.0002wt% in HP alloys (‘-’ refers to ‘not detected’, i.e. 
<0.001 wt% for CP alloys and <0.0002wt% in HP alloys) 
Sample name Ni Fe Sb Cu As Pb Ag Bi In 
CP Sn-0.3Ag-0.7Cu-1.6Bi-0.2In .009 .003 .005 .710 .049 .023 .276 1.617 .192 
CP Sn-0.09Ni .078 .011 .008 .004 .003 .027 - - - 
CP Sn-0.7Cu .007 .003 .007 .710 .005 .029 - - - 
          
CP Sn .001 .004 .006 .002 .001 .046 - - - 
CP Sn-0.2Ni .205 .009 .005 .003 .001 .015 - - - 
CP Sn-0.45Ni .452 .008 .005 .002 .001 .021 - - - 
          
HP Sn - - - - - - - - - 
HP Sn-0.2Ni-0.01Fe .227 .011 - - - - - - - 
HP Sn-0.45Ni .461 - - - - .0004 - - - 
HP Sn-0.45Ni-0.002Fe .432 .002 - - - - - - - 
HP Sn-0.45Ni-0.01Fe .466 .012 - - - - - - - 
HP Sn-0.45Ni-0.1Fe .460 .054 - - - - - - - 
 
For the investigation of the role of Fe in solder reactions, CP-Ni (99.0%), and Fe-42Ni 
(Alloy42) substrates were used.  The substrates were produced by cutting 10mm x 
10mm coupons from 0.5mm thickness sheet.  Before soldering, the coupons were 
cleaned with HCl and treated with RM-5 flux (Nihon superior Co., Ltd.) and the 
10mm x 10mm x 0.15mm solder preforms were placed on top.  Soldering was 
conducted in a Tornado LFR400 reflow furnace (Surclean Co. Ltd.).  A 0.3mm thick 
carrier plate held 24 samples with a K-type thermocouple attached to monitor the 
temperature. The thermoprofile shown in Figure 5.1 was used in this study, where 
the heating rate is 1K/s, the time above the Sn-Ni eutectic temperature is ~80s, the 
peak temperature is 253°C and the cooling rate is about 3K/s. 
Specimen preparation for consequent SEM, SEM-EBSD and optical investigations 
were as previously described in sections 3.2.3. and 4.2.5. 
 
166 
 
6.3. Results 
6.3.1. Sn-rich Fe-Ni-Sn Phase Equilibria 
The quenching of Sn-rich Sn-Ni-Fe alloys (HP Sn-0.2Ni-0.01Fe and CP Sn-(0.2-
0.45)Ni-(0.005-0.01)Fe) after 24 hours isothermal holding at 235-400°C produced 
settled layers of intermetallic particles in quenched liquid similar to that in Figure 
6.1A.  SEM-EDX confirmed that the only phases present were quenched liquid, FeSn2 
and/or Ni3Sn4, in agreement with the literature on the Fe-Ni-Sn phase diagram 
[142].  Table 6.2 shows the phases present at various isothermal holding 
temperatures in HP and CP Sn-0.2Ni-0.01Fe. 
Table 6.2. Phases formed in HP and CP Sn-0.2Ni-0.01Fe after 24 hours isothermal holding and after 
interrupted solidification. L = quenched liquid 
Temperature, °C Equilibrated at the given temperatures  
Interrupted during 
solidification at ~0.2K/s 
400 L L 
310 L + FeSn2 L + FeSn2 
270 L + FeSn2 + Ni3Sn4 L + FeSn2 + Ni3Sn4 
250 L + FeSn2 + Ni3Sn4 L + FeSn2 + Ni3Sn4 
240 L + FeSn2 + Ni3Sn4 L + FeSn2 + Ni3Sn4 + NiSn4 
235 L + FeSn2 + Ni3Sn4 L + FeSn2 + Ni3Sn4 + NiSn4 
 
It can be seen that, for equilibrium conditions, the first solid phase to form is FeSn2 
and that a L+ FeSn2+Ni3Sn4 three-phase equilibrium exists at 270°C and below.  The 
compositions of the intermetallics in the three-phase tie triangle are summarised in 
Table 6.3 at four temperatures. Note that a high Ni HP-Sn-0.45Ni-0.01Fe alloy was 
used for Table 6.3 in order to display data for the tie triangle over the relatively wide 
temperature range of 235-350 °C.  The solubility of Fe in Ni3Sn4 was below 1at% for 
all temperatures (Table 6.3). In contrast, the solubility of Ni in FeSn2 is significant 
with ~9at%Ni at 235°C, where Ni substitutes for Fe as (Fe,Ni)Sn2.  Table 6.3 also 
shows that the solubility of Ni in FeSn2 increases with decreasing temperature; these 
data are plotted in Figure 6.2A.  Based on the measurements, the isothermal section 
of the Sn-rich corner is plotted for 240°C in Figure 6.2B. 
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Table 6.3. SEM-EDX measurements of FeSn2 and Ni3Sn4 in equilibrated  HP Sn-0.45Ni-0.01Fe.  At least 
15 particles were measured for each temperature. The standard deviation is given in the brackets 
Temp., 
°C 
Sn, 
at% Ni, at% 
Fe, 
at% 
Sn, 
at% Ni, at% 
Fe, 
at% 
Ni3Sn4 FeSn2 
350 58.9 (1.5) 
40.6 
(0.8) 
0.5 
(0.8) 
69.2 
(0.9) 
5.7 
(1.0) 
25.1 
(0.8) 
300 59.4 (1.0) 
39.9 
(1.0) 
0.7 
(0.8) 
68.7 
(1.6) 
6.7 
(1.3) 
24.6 
(1.0) 
250 58.7 (2.2) 
40.8 
(2.2) 
0.5 
(0.6) 
69.2 
(1.4) 
8.5 
(1.7) 
22.3 
(1.5) 
235 59.2 (1.2) 
40.4 
(1.2) 
0.4 
(1.5) 
68.6 
(1.4) 
9.0 
(2.2) 
22.4 
(1.1) 
  
Figure 6.2. (A): Ni solubility in FeSn2 in the tie triangle as a function of temperature and  (B): 
isothermal section of the Sn-rich corner of ternary Sn-Ni-Fe phase diagram at 240°C. Only equilibria 
between L, FeSn2 and/or Ni3Sn4 are shown  
6.3.2. CP Sn-Ni alloys solidification microstructures 
Microstructural investigation of as-solidified samples of CP Sn-(0.2-0.45)wt%Ni 
containing 0.005-0.015wt%Fe impurities revealed three intermetallic phases, 
identified from their composition (SEM-EDX) and crystal structure (SEM-EBSD) 
similar to Chapter 2. They were Ni3Sn4, NiSn4 and FeSn2 with compositions listed in 
Table 6.4.  Typical examples of the intermetallics are shown in Figures 6.3, 6.4 and 
6.8.  Comparing with the equilibrated data in Tables 6.2 and 6.3, it can be seen that 
NiSn4 is a non-equilibrium phase that forms during solidification. 
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Table 6.4. SEM-EDX measurements of the intermetallic phases in as-solidified (0.2K/s) CP Sn-0.45Ni-
0.01Fe.  At least 22 particles were measured for each phase. Mean values with standard deviation is 
given in the brackets. 
Sn, at% Ni, at% Fe, at% Proposed phase 
80.2 (0.6) 19.8 (0.6) - NiSn4 
59.3 (0.6) 40.7 (0.6) - Ni3Sn4 
67.3 (1.4) 14.2 (2.5) 18.5 (1.9) FeSn2 
The sequence of phase formation during solidification was deduced from 
interrupted solidification experiments.  Figure 6.3 and Table 6.2 summarise results 
for CP Sn-0.2Ni-0.01Fe solder foils.  
 
Figure 6.3. Interrupted solidification microstructures in CP Sn-0.2Ni-0.01Fe, showing a typical cooling 
curve at 0.2K/s and examples of primary crystals after quenching at various temperatures 
Quenching at temperatures above 310°C produced 100% quenched liquid. The first 
solid phase to form was FeSn2, which was first observed at temperatures close to 
310°C. The second solid phase to form was Ni3Sn4 which was present at 
temperatures below 270°C. At 240°C NiSn4 crystals were present in addition to FeSn2 
and Ni3Sn4, with FeSn2 at the centre of many NiSn4 crystals (Figure 6.3).   
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Since FeSn2 was present before NiSn4, and FeSn2 was commonly at the centre of 
NiSn4 crystals (Figure 6.3), it seems that metastable NiSn4 may have nucleated from 
pre-existing FeSn2 crystals.  Figure 6.4 shows the relationship between NiSn4 and 
FeSn2 in more detail in fully-solidified CP Sn-0.45Ni-0.1Fe after selective etching of 
βSn.  
 
Figure 6.4. (A)-(C) Typical primary NiSn4 crystals with FeSn2 particles at the centre of the (001)NiSn4 
facet in CP Sn-0.45Ni-0.01Fe alloy; (D)-(E): ‘H’ structures; 
In most cases NiSn4 and FeSn2 share a common interface, with FeSn2 particles at the 
centre of the (001) facet of NiSn4 (Figure 6.4) and there is a highly reproducible 
pattern of their mutual orientation:  the facets of FeSn2 crystals make a 45° angle with 
the edges of NiSn4 tiles (Figure 6.4(A,B)). “H” structures with two parallel NiSn4 tiles 
and a FeSn2 crystal in between were also commonly observed as shown in Figure 
6.4(D,E).   
The crystallographic orientation relationships (OR) between FeSn2 and NiSn4 were 
measured by EBSD. The indexing of Kikuchi patterns was based on the lattice 
parameters given in [39, 121]. 42 NiSn4 crystals sharing an interface with FeSn2 were 
examined. The OR was determined through indexing and analyzing pairs of EBSD 
patterns obtained from both particles (e.g. Figure 6.5) as described earlier in Chapter 
4.  
When the FeSn2 particles were attached to the surface of the (001) facet of NiSn4 
(Figures 6.4(A-C)), the (001)FeSn2 Kikuchi band is almost parallel to the (001)NiSn4 
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band, and the  [110]FeSn2 Kikuchi pole is very close to the [110]NiSn4 pole as shown in 
Figure 6.5. 
 
Figure 6.5. Typical EBSD Kikuchi patterns from NiSn4 and FeSn2 particles that share an interface 
EBSD analysis of FeSn2 particles embedded within NiSn4 showed the following: 
(600)FeSn2 || (060)NiSn4; [001]FeSn2 || [001]NiSn4. These two results correspond to one 
OR, which can be written as follows: 
(001)FeSn2 || (001)NiSn4; [110]FeSn2 || [110]NiSn4 
Figure 6.6A summarizes the OR data in a stereographic projection in terms of 
[001]NiSn4. The standard deviation of the scattered data for all 42 interfaces studied is 
2.4° showing high reproducibility of the measured OR.  
 
Figure 6.6. (A): Stereographic projection showing the experimentally determined ORs between FeSn2 
and NiSn4; (B)-(C): arrangement of the atoms in the common planes 
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Figure 6.6(B,C) demonstrates the arrangement of the atoms in the common planes 
for this OR.  The most common interface is shown in Figure 6.6B.  Using the ‘planar 
lattice disregistry’ approach of Bramfitt [45], the disregistry along the (001)FeSn2 and 
(001)NiSn4 planes is about 2%, giving close atomic matching across the interface and, 
most likely, a low interface energy.  When a FeSn2 particle was embedded within a 
NiSn4 crystal, an additional (600)FeSn2 -(060)NiSn4 interface existed which has planar 
lattice disregistry of 8.5% (Figure 6.6C).   
The poorer-matching interface in Figure 6.6C seems to form by NiSn4 ledge growth 
on the (001)NiSn4 facet ‘burying’ the FeSn2 crystal. Figure 6.7(A-F) depicts different 
stages of the burying of FeSn2 particles. Having nucleated on the (001)FeSn2 facet 
(Figure 6.7A), NiSn4 crystals grow predominantly by ledge growth along the 
(001)NiSn4 facet as discussed in Chapter 4, forming a tile-like crystal adjacent to the 
FeSn2 nucleant (Figures 6.3 and 6.4).  As NiSn4 ledges sweep across the (001)NiSn4 
facet, there is commonly evidence for them partially or completely engulfing the 
FeSn2 nucleant, as can be seen to increasing degrees in Figure 6.7(A-F). Similar 
engulfment is also apparent on the right-most crystal in Figure 6.4A. 
 
Figure 6.7. (A-F) stages of “burying” of FeSn2 nucleants by ledge growth on the (001) facet of NiSn4, 
(G): size distribution of 96 FeSn2 particles active in nucleating NiSn4  
In the case of “H-structures” (Figure 6.4(D,E)) the FeSn2 nucleant can be buried from 
two sides by separate nucleation of NiSn4 crystals on each (001) facet of the FeSn2 
crystal. The beginning of ‘H’ structure growth can be seen in Figure 6.7B where the 
bottom NiSn4 tile has already developed, and the upper (001)FeSn2 facet has just 
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nucleated a second NiSn4 crystal, which can be distinguished by the morphology of 
the ledges sweeping across its surface.  
The size of FeSn2 crystals that nucleate NiSn4 tiles was quantified for 96 crystals 
using deep etched micrographs in which FeSn2 crystals lay flat with respect to the 
viewing plane. The size distribution of FeSn2 at the centre of NiSn4 tiles is shown in 
Figure 6.7G where the mean FeSn2 size is 6.5µm with a standard deviation of 1.8µm.  
This size distribution of FeSn2 crystals active in nucleating NiSn4 is significantly 
narrower than the size distribution of all FeSn2 crystals in the sample which ranged 
from <200 nm to >30 µm.  As an example, Figure 6.8H shows a region containing ~8 
FeSn2 crystals that were inactive as nuclei with sizes ranging from ~ 600 nm - 15µm. 
The growth characteristics of primary FeSn2 are shown in more detail in Figure 6.8. 
Growth twinning was common, with approximately 20% of all FeSn2 crystals 
exhibiting twinning.  Furthermore, a variety of twin types were present including 
penetration twins of various twin axis (Figure 6.8(A-D)) and contact twins with (001) 
twin plane (Figure 6.8(E,F)). In the case of twinned FeSn2 crystals, NiSn4 grew from 
one of the twins.   
  
Figure 6.8. Growth features of FeSn2 crystals: (A-D) penetration twins; (E,F) contact twins; (F) and (G) 
are porous and (A-C) are fully dense crystals. (H) 8 FeSn2 crystals of a variety of sizes 
Another notable feature was the existence of both dense FeSn2 crystals (Figure 
6.8(A,B)) and porous FeSn2 crystals (Figure 6.8G). Often, FeSn2 crystals measuring 
more than 10-15 µm were porous and were not effective in the nucleation of primary 
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NiSn4 (Figure 6.10B). In porous crystals, either the whole crystal (Figure 6.10B) or 
only the core (Figure 6.8F) were porous. 
6.3.3. The influence of Fe content 
Experiments using HP Sn-0.45Ni-xFe showed that primary NiSn4 formation is a 
strong function of the Fe content. Figure 6.9A shows that, for Fe levels of 0.0002wt%, 
HP Sn-0.45Ni-xFe solidified to contain no FeSn2 and no primary NiSn4, but instead 
primary Ni3Sn4 surrounded by a mixture of βSn-NiSn4 eutectic and βSn-Ni3Sn4  
eutectic.   
 
Figure 6.9. The influence of Fe content.  Typical as-solidified microstructures of (A): HP Sn-0.45Ni-
0.0002Fe and (B): HP Sn-0.45Ni-0.01Fe 
Therefore, for Fe levels low enough that primary FeSn2 does not form, primary NiSn4 
formation is suppressed and the βSn-Ni3Sn4 eutectic is promoted, but the absence of 
FeSn2 does not prevent the non-equilibrium βSn-NiSn4 eutectic from growing.  For 
Fe levels of 0.001wt% or higher, HP Sn-0.45Ni-xFe solidified to contain primary 
FeSn2, primary NiSn4 and primary Ni3Sn4, surrounded by βSn-NiSn4 eutectic (Figure 
6.9B), as presented in Chapter 4. Therefore, for Fe levels high enough that primary 
FeSn2 does form, primary NiSn4 formation is promoted and the non-equilibrium 
βSn-NiSn4 eutectic is the only eutectic.  Experiments at increasing Fe content 
contained an increasing area fraction of primary NiSn4.  Figure 6.10A quantifies this 
increasing primary NiSn4 fraction with increasing Fe content between 0.0002wt% 
and 0.06wt% Fe in HP Sn-0.45Ni-xFe.  The combined results in Figures 6.3-6.10 show 
that primary NiSn4 nucleates on FeSn2 particles and that primary NiSn4 can be 
eliminated by using alloys with sufficiently low Fe content.   
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Examination of primary FeSn2 crystals showed that eutectic NiSn4 also commonly 
grew from FeSn2.  Figure 6.10B is a typical example of eutectic NiSn4 sheets growing 
from a FeSn2 crystal, with the same OR as in Figure 6.4A.  Thus, FeSn2 crystals act as 
nucleation sites for eutectic NiSn4 as well as primary NiSn4. The FeSn2 crystals active 
in nucleating eutectic NiSn4 (Figure 6.10B) were typically much larger (up to 30 µm) 
than those at the centre of primary NiSn4 (e.g. Figure 6.4(A-E)).  The HP Sn-0.45Ni-
xFe alloys contained βSn-NiSn4 eutectic at all Fe levels studied (Figure 6.9) but, when 
the Fe level was 0.0002wt%Fe, there was both non-equilibrium βSn-NiSn4 eutectic 
and equilibrium βSn-Ni3Sn4 eutectic.  Thus, FeSn2 can promote the nucleation of 
eutectic NiSn4 but the βSn-NiSn4 eutectic grows even in the absence of primary 
FeSn2. 
 
Figure 6.10. (A): change in area fraction of primary NiSn4 with increasing Fe content and (B): eutectic 
NiSn4 sheets growing from a FeSn2 crystal 
6.3.4. Solder joints 
Figure 6.11 shows typical examples of as-soldered microstructures in CP-Sn on CP-
Ni (Figure 6.11(A,B)) and CP-Sn on Alloy42 joints (Figure 6.11(C,D)).  As shown in 
Chapter 5 and consistent with past research [2, 90-95, 134, 135], the as-soldered Sn-Ni 
couples contain a Ni3Sn4 interfacial layer and Sn-Fe-42Ni couples contain a FeSn2 
interfacial layer [134, 135, 140, 141], with no other intermetallic layers detected at the 
resolution of the SEM (Figure 6.11(A,C)).  In addition to the βSn-NiSn4 eutectic 
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discussed in Chapter 5, there are some primary Ni3Sn4 crystals when Ni substrates 
were used, and fine (up to 1µm) FeSn2 crystals when Alloy42 substrates were used.   
 
Figure 6.11. Typical intermetallics in as-soldered joints (A,B) CP-Sn on CP-Ni and (C,D) CP-Sn on Fe-
42Ni. Images A,C are cross-sections after selective etching emphasizing the interfacial area and 
images B,D show the interfacial IMC layers from above after selective etching of β-Sn 
Similar to the solidification studies in sections 6.3.2-6.3.3, the FeSn2 crystals 
influenced microstructure formation in the bulk solder of the joints.  Figures 
6.12(A,B) show that sub-micron FeSn2 particles exist in the bulk solder in CP-Sn on 
CP-Ni joints and in CP-Sn on Fe-42Ni joints.  In both cases, FeSn2 particles share an 
interface with eutectic NiSn4 sheets with an arrangement consistent with the OR in 
Figure 6.6.   Furthermore, in Sn on Fe-42Ni joints, the βSn-NiSn4 eutectic grew 
directly from the FeSn2 layer.  Figure 6.11D shows aligned NiSn4 eutectic sheets 
attached to the FeSn2 layer and Figure 6.12C shows NiSn4 sheets both growing from 
the FeSn2 layer and attached to FeSn2 crystals in the bulk solder.  In contrast, a 
common feature for Sn-xNi on Ni joints is a depletion zone of about 10-15µm just 
above the interfacial layer where the eutectic is absent (e.g. Figures 5.9 and 5.10). 
This suggests that the eutectic reaction was initiated in the solder bulk and not in the 
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vicinity of the interfacial IMC layer in Sn on Ni joints.  No FeSn2 particles were found 
in HP-Sn on HP-Ni joints considered in section 5.3.1.3. (Chapter 5), yet the bulk 
solder solidified to contain βSn-NiSn4 eutectic (i.e. Figure 5.9).  Similar to the bulk 
solidification studies in Figure 6.9A, this shows that FeSn2 is not a prerequisite for 
βSn-NiSn4 eutectic formation.  
 
Figure 6.12. NiSn4 eutectic attached to FeSn2 crystals in: (A) CP-Sn/Alloy42 and (B) CP-Sn/CP-Ni 
couples in the solder bulk; (C) NiSn4 eutectic nucleated on the FeSn2 interfacial layer in CP-
Sn/Alloy42 solder joint 
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6.4. Discussion 
The catalysis of non-equilibrium NiSn4 by FeSn2 particles can be compared with 
heterogeneous nucleation theory.  Using the crystallographic model for nucleant 
potency proposed by Bramfitt [45], the planar lattice disregistry along the (001)FeSn2 
and (001)NiSn4 planes is about 2%. It has been shown in many systems that good 
atom matching across the nucleant – matrix interface promotes heterogeneous 
nucleation. As a result, a low energy interface forms with one or more reproducible 
orientation relationships (ORs) [45, 49, 53-58, 149]. Table 2.3 (Chapter 2) provides 
examples of proposed nucleants and the OR and planar lattice disregistry across the 
nucleant–matrix interface, in Fe-C, Al- and Mg- based alloys. 
Based on the examples in Table 2.3, one may conclude that the value of planar lattice 
disregistry of 2% should result in a high potency nucleant, provided it is stable in the 
melt and has an effective size. The effect of nucleant particle size distribution has 
been quite comprehensively researched and is a key part of athermal nucleation 
theory [52, 150] (as shown in section 2.2.1.3).  In Al-alloys, it has been shown that the 
efficient nucleant particles vary over a wide range of size, but many are of the order 
of 1µm [52]. Similarly, in Mg-Zr alloys, Qian et al. found the majority of active 
nucleant particles to be in the range 1-5 µm [151]. 
The results in the present chapter suggest that similar behaviour occurs in CP-Sn-Ni 
alloys, with the FeSn2 crystals active in nucleating NiSn4 being in the range of 2-
10µm (Figure 6.7G). Athermal nucleation theory [150] predicts that, on cooling, 
nucleation should occur on the largest particles first as these have the lowest 
undercooling for free growth, and subsequent latent heat release prevents smaller 
nucleant particles from becoming active.  However, Qian et al. found that Zr 
particles larger than ~5µm were not active nuclei in Mg-Zr alloys and, in the present 
work, particles larger than ~10µm rarely nucleated primary NiSn4.  In the current 
case, the inefficiency of larger FeSn2 crystals may be due to the change in 
morphology as the FeSn2 crystals grow.  Large FeSn2 crystals usually exhibited a 
porous morphology as can be seen in Figure 6.10B, which may inhibit the formation 
of a NiSn4 layer during the initial nucleation stages since a porous surface contains 
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many small regions rather than one large nucleating substrate. The phenomenon of 
porous FeSn2 crystals needs to be investigated further, as it is unusual for 
intermetallic crystals. It can be confirmed that the porosity is not an etching or 
sample preparation artefact, as FeSn2 cross-sections prepared by focussed ion beam 
(FIB) milling had the same porous morphology with pores filled with β-Sn (Figure 
6.13) 
 
Figure 6.13. Porous FeSn2 crystals formed in CP Sn-0.37Ni: (A) BE image and (B) BE image of a cross-
section prepared by FIB milling capturing both FeSn2 and NiSn4 crystals  
In Al-alloys [52] and Mg-alloys [151] nucleants are commonly found at the centre of 
grains because the new phase grows to engulf the nucleant.  In this work, FeSn2 
usually remained on liquid-NiSn4 interfaces (the (001) facet) rather than being 
completely engulfed by the NiSn4 crystal.  This seems to be related to the 
crystallography of the phases; the (001)FeSn2||(001)NiSn4 interface is a significantly 
better match than the interfaces with the other facets of the pre-existing FeSn2 
crystals (Figure 6.6). 
 
While FeSn2 crystals significantly influence the solidification of CP-Sn-Ni alloys by 
catalysing the nucleation of non-equilibrium NiSn4 (Figures 6.3-6.12), it is clear that 
the presence of FeSn2 is not solely responsible for the formation of non-equilibrium 
NiSn4.  The use of high-purity alloys (with a sufficiently low Fe content to prevent 
FeSn2 formation) were effective at suppressing primary NiSn4 formation but the βSn-
NiSn4 eutectic grew even in the absence of FeSn2 (Figure 6.9A).   
179 
 
Combining the findings in this Chapter with findings in Chapters 3-5, it seems that 
at least three factors cause the formation of non-equilibrium NiSn4 during 
solidification of Sn-Ni-(Fe) melts.  Firstly, pre-existing FeSn2 crystals act as 
heterogeneous nucleation sites for NiSn4.  Therefore, in the presence of FeSn2 there is 
only a small barrier to the nucleation of NiSn4.  Secondly, primary NiSn4 has growth 
advantages over primary Ni3Sn4, enabling NiSn4 to continue growing once it has 
nucleated.  For example, comparison of growth ledges on the facets of primary NiSn4 
and Ni3Sn4 crystals has shown that ledge growth on the (001) facet of NiSn4 usually 
occurs with numerous macro-ledges that can develop significant curvature and 
become dendritic at high cooling rate (Chapter 4).  In contrast, growth ledges on the 
facets of Ni3Sn4 are usually fewer, have considerably lower height and are more 
planar.  Thus, there is less attachment site preference (i.e. easier attachment kinetics 
and therefore lower growth undercooling) onto NiSn4 crystals than onto Ni3Sn4 
crystals during free growth in a Sn-rich melt.  Thirdly, the Sn-NiSn4 eutectic has 
growth advantages over the Sn-Ni3Sn4 eutectic.  For example, Sn-NiSn4 grows as a 
relatively ‘regular’ eutectic with a broken-lamellar morphology and a lattice 
mismatch at the Sn-NiSn4 interface of only ~5% (Chapter 4).  In contrast, the small 
regions of Sn-Ni3Sn4 eutectic in Figures 5.10 and 4.20 show that this eutectic grows 
with complex branching of the faceted Ni3Sn4 phase. It is well known that the 
eutectic growth undercooling is significantly higher for irregular eutectics than for 
more ‘regular’ eutectics  [42], giving the Sn-NiSn4 eutectic growth advantages over 
the Sn-Ni3Sn4 eutectic with some similarities to the competition between the non-
equilibrium Fe-Fe3C eutectic and the equilibrium Fe-graphite eutectic in cast irons 
[42]. 
It is not clear where eutectic NiSn4 nucleates in the absence of pre-existing primary 
NiSn4 or FeSn2 crystals (e.g. in Figure 6.9A).  One possibility is that eutectic NiSn4 
nucleates on βSn due to the relatively good lattice match between NiSn4 and βSn of 
~5% (as shown in 4.3.3).  In this case, even if the equilibrium βSn-Ni3Sn4 eutectic 
begins to grow, NiSn4 can nucleate on βSn and then the βSn-NiSn4 eutectic can 
overgrow the equilibrium βSn-Ni3Sn4 eutectic due to the growth advantages 
discussed above. 
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The assessment of Fe-Ni-Sn phase equilibria in reference [142] lists a ternary eutectic 
reaction of the type L  βSn + FeSn2 + Ni3Sn4.  Examination of the solidification 
microstructures did not provide any firm evidence for FeSn2 growing in a ternary 
eutectic reaction by coupled growth.  Instead, FeSn2 always grew as blocky particles 
such as those in Figures 6.3, 6.8 and 6.12.  It is feasible that the smaller FeSn2 particles 
attached to eutectic NiSn4 sheets (e.g. Figure 6.12) grew as part of a eutectic reaction, 
but further work is required to confirm this. 
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6.5. Conclusions 
This Chapter has shown that, for impurity Fe-levels common in Pb-free solders, 
FeSn2 is usually the first solid phase to form during solidification and plays an 
important role in the formation of metastable NiSn4.  Similarly, when soldering to 
Fe-42Ni, FeSn2 is present as an interfacial layer prior to solidification of the bulk 
solder, and significantly influences NiSn4 solidification.  The key findings are: 
1. In CP Sn-rich Sn-Ni alloys, FeSn2 crystals act as heterogeneous nucleation 
sites for NiSn4, with an orientation relationship of: 
(001)FeSn2 || (001)NiSn4; [110]FeSn2 || [110]NiSn4  
which has a lattice mismatch of only ~2%.   
2. For the nucleation of primary NiSn4 crystals, the size of active FeSn2 nuclei 
was 2-10 µm.  Smaller particles were ineffective nuclei as predicted by 
athermal nucleation theory and the large FeSn2 particles that were ineffective 
nuclei were usually porous. 
3. During the solder reaction between CP- Sn and Fe-42Ni substrates, the FeSn2 
interfacial layer acted as a nucleation site for eutectic NiSn4 lamellae and the 
non-equilibrium Sn-NiSn4 eutectic grew directly from the interfacial layer. 
4. Experiments with high purity alloys containing <0.0002wt%Fe, where FeSn2 
did not form, were effective at preventing primary NiSn4 formation and 
encouraged the growth of some equilibrium Sn-Ni3Sn4 eutectic.  However, 
non-equilibrium Sn-NiSn4 eutectic grew even in the absence of FeSn2, and 
both the Sn-NiSn4 and Sn-Ni3Sn4 eutectics grew in the same sample in high-
purity alloys.   
5. These findings shows that FeSn2 promotes the nucleation of NiSn4 but that 
competitive growth between the Sn-NiSn4 and Sn-Ni3Sn4 eutectics is also 
important in phase selection in Sn-Ni alloys. 
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Chapter 7  
Ageing and phase stability in Sn-Ni microstructures 
7.1. Introduction 
Thus far in this thesis, it has been stated without proof that NiSn4 and Ni3Sn7 are 
metastable phases. The present Chapter seeks to test whether NiSn4 and Ni3Sn7 are 
metastable at all temperatures or stable in a temperature range that has not been well 
investigated yet. 
This Chapter also aims to understand the microstructural changes that occur during 
the ageing of Sn-Ni microstructures and the mechanisms and kinetics of metastable 
phase decomposition at elevated temperature.  This is important because Sn-Ni 
alloys exist at T/Tm ~0.6 at room temperature and solder joints commonly 
experience temperatures of ~120°C (T/Tm ~0.8) in service due to Joule heating 
(where Tm is the melting point of Sn in Kelvin).  Diffusion is therefore relatively 
rapid in the βSn phase and this can cause rapid coarsening in solders.  
7.2. Experimental 
Specimens obtained as described in sections 3.2.2 and 4.2.1 were used for the phase 
stability studies in the present Chapter. To test whether the phases in as-cast Sn-Ni 
samples are equilibrium or metastable phases at solidification temperatures, 
samples were heat treated at temperatures in the range 120-330ºC.  
Solid state heat treatment was carried out in a Carbolite CSF 1200 resistance furnace. 
As-cast cylindrical samples were cut into quarters along the vertical axis, packed in a 
container with sand (to minimize thermal fluctuations during the experiment) and 
isothermally heat treated for a maximum of 38 months. K-type thermocouples were 
used to monitor the thermal stability within the specimen container. The estimated 
temperature stability was of ±0.5 °C. 
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Heat treatments above the eutectic temperature were carried out in a Lenton 
WHT6/30 forced air convection oven in borosilicate glass test tubes held vertically 
in an aluminium test-tube rack. 70-gram samples (obtained as described in Chapter 
4) were re-melted, poured into the test tubes then heated to 400°C and cooled to the 
necessary isothermal holding temperature. After the 24-hour heat treatment, 
samples were carefully extracted from the furnace and quenched in water at room 
temperature. The estimated temperature stability in the furnace during the 
experiment was ±0.25 K. 
For a macroscopic kinetics analysis of phase transformations in CP and HP-Sn-Ni 
alloys, 1g samples were produced first by drawing 400°C liquid into quartz tubes of 
2.8mm inner diameter under vacuum. The obtained rods were then cut into 1g 
samples and left in a Lenton WHT6/30 forced air convection furnace in borosilicate 
glass test tubes at 230°C. After certain intervals (20min, 30 min, 45min, 1 hour etc.), 
specimens were extracted from the furnace, cooled in air and subjected to 
metallographic investigations. 
Investigation of microstructure stability in the bulk of solder joints was performed in 
a Lenton WHT6/30 forced air convection furnace using CP-Sn/Ni, HP-Sn/Ni and 
CP-Sn/Alloy42 couples. Solder joints assembled as described in section 5.2.1 were 
isothermally heat treated at temperatures 75-220°C for up to 6 months and the bulk 
phase transformation was studied metallographically. 
Specimen preparation for consequent SEM, SEM-EBSD and optical investigations 
were as previously described in sections 3.2.3. and 4.2.5. 
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7.3. Results 
7.3.1. Phase stability in as-solidified Sn-Ni microstructures  
The solid state and intermetallic + liquid heat treatment compositions and 
temperatures are summarized in Figure 7.1.  A key finding in this work is that, in all 
heat treatments, NiSn4 (and, if it existed, Ni3Sn7) transformed into Ni3Sn4 and Sn or 
liquid after sufficient holding time.  No temperature in the range 120-330°C was 
found at which NiSn4 or Ni3Sn7 are stable, including temperatures within 0.5K above 
and below the eutectic growth temperature.   Figure 7.1 shows that long-term solid-
state heat treatments resulted in only βSn, Ni3Sn4 and FeSn2, with no trace of NiSn4 
or Ni3Sn7. Figure 7.1 also shows that intermetallic + liquid heat treatments resulted 
in settled layers of Ni3Sn4 or mixtures of Ni3Sn4+FeSn2 with no evidence of NiSn4 or 
Ni3Sn7. 
 
Figure 7.1. Sn-rich corner of the Sn-Ni equilibrium phase diagram plotted using data from ref. [125], 
showing the heat treatment temperatures and bulk compositions studied. 
Figure 7.2(A,B) gives more detail on samples quenched after 24-hour heat treatments 
of intermetallic+liquid mixtures at T> 231.5°C.  The settled layer of intermetallics is 
shown at three magnifications.  In Figure 7.2(C) two types of intermetallic are 
present: larger faceted Ni3Sn4 crystals and smaller (up to 1µm) FeSn2 particles. The 
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deep-etched SEM image in Figure 7.2(C) also shows that the shape of the Ni3Sn4 
crystals formed during isothermal holding in liquid has a larger number of facets 
and a shorter length compared to the Ni3Sn4 crystals that grew during solidification 
at low cooling rates (Figure 4.14 and 4.15) .  
 
Figure 7.2. Settled layer of Ni3Sn4 in quenched liquid in CP Sn-0.37Ni held at 237°C for 24 hours 
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7.3.2. Decomposition kinetics of NiSn4 in as-solidified Sn-Ni microstructures 
Since NiSn4 is a metastable phase, it decomposes into the stable phases during 
isothermal holding in the solid state by a transformation of the type: NiSn4 → Ni3Sn4 
+ Sn.  Figure 7.3(A-D) shows the typical microstructural changes that occur during 
eutectoid decomposition.  The Figure shows a polished surface of CP-Sn-0.37Ni 
before and after 5 hours at 220 °C. Note that the transformation progressed more 
rapidly on the surface than in the bulk, but imaging changes on the surface provides 
useful information on general mechanisms.  This sample initially contained primary 
NiSn4, primary Ni3Sn4 and Sn-NiSn4 eutectic. As can be seen, the newly formed 
Ni3Sn4 phase has random orientation in the β-Sn. During transformation of the 
eutectic regions, the newly formed Ni3Sn4 particles do not preserve the original 
orientation of the NiSn4 lamellae (Figure 7.3D) and do not exhibit a preferred 
orientation. Pre-existing primary Ni3Sn4 crystals were not noticeably changed by the 
heat treatment (compare Figures 7.3(A,C) and Figures 7.3(B,D)).  
 
Figure 7.3. Optical micrographs of CP Sn-0.37Ni before (A,C)  and after (B,D)  5 hours at 220°C  
Selective removal of the β-Sn matrix provided more detail on the mechanism of 
NiSn4 → Ni3Sn4 + Sn eutectoid decomposition. Figure 7.4A shows the partially 
decomposed NiSn4 primary crystal from Figure 7.3B at higher magnification and 
Figure 7.4B shows the same crystal after selective etching of the Sn. It can be seen 
that transformation occurred much faster on the surface and that newly formed 
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Ni3Sn4 crystals preferred to have a common interface with β-Sn than with NiSn4. 
Figure 7.4B shows this phenomenon more clearly: the just-formed Ni3Sn4 crystals 
near the centre of the NiSn4 tile are surrounded by a groove which was filled with β-
Sn before etching (Figure 7.4A). Thus, it is highly likely that Ni3Sn4/Sn and 
NiSn4/Sn interfacial energies are lower compared to the Ni3Sn4/NiSn4 combination. 
Furthermore, the random orientation of growing Ni3Sn4 crystals indicates that there 
is no preferable low energy interface between Ni3Sn4 and β-Sn unlike the low energy 
interfaces forming during Sn-NiSn4 eutectic growth (as discussed in Chapter 4). 
 
Figure 7.4. CP Sn-0.37Ni after 5 hours at 220°C:  (A) Optical micrograph and (B) SEM image of the 
same area after selective removal of β-Sn 
The macroscopic kinetics of the NiSn4 → Ni3Sn4 + Sn transformation were quantified 
at 230°C in CP and HP-Sn-0.16Ni.  For both samples, prior solidification occurred at 
a cooling rate of 0.2-0.3 K/s, and the initial microstructures were fully eutectic Sn-
NiSn4 without any discernable Ni3Sn4.  These initial as-cast microstructures are 
shown in Figure 7.6. The volume fraction transformed, X, is defined here as the area 
fraction of Ni3Sn4 in a partially-transformed sample divided by the area fraction of 
Ni3Sn4 measured in fully-transformed samples.  The area fractions of phases were 
measured using IQ materials MediaCybernetics software on polished sections and 
each data point in Figure 7.5 corresponds to a measurement area of at least 20mm2. 
Solid state transformation kinetics at constant temperature are commonly described 
by the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation [25]:  
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𝑋(𝑡) = 1 − 𝑒−𝐾𝑡𝑛    ( 7.1) ln ln�1/(1 − 𝑋)� = 𝑛 ln 𝑡 + ln𝐾  (7.2) 
where 𝑋 is the fraction transformed, 𝑡 is the isothermal holding time and 𝐾 and 𝑛 are 
constants. Provided the kinetics follow the JMAK equation (7.1), plotting the 
experimental data in the form of Eq. 7.2 yields a straight line with gradient n and 
intercept ln K.  
 
Figure 7.5. (A,B): macroscopic  reaction kinetics for the decomposition of eutectic NiSn4 into Ni3Sn4 
and β-Sn in Sn-0.16Ni at 230°C. (B): Avrami plot of data including Avrami exponent, n 
The kinetic data are plotted in Figure 7.5.  For both alloys, the isothermal reaction 
kinetics are reasonably-well described by JMAK kinetics with an Avrami exponent, 
n, close to unity (Figure 7.5B).  While the two alloys have similar Avrami exponent, a 
significant difference between the CP and HP-Sn-0.16Ni samples is that the kinetics 
were markedly slower in the HP sample than in the CP sample, with n= 0.95, K= 
1.4x10-5 s-1 for HP-Sn-0.16Ni and n= 1.2, K= 1.7x10-4 s-1 for CP-Sn-0.16Ni (Figure 
7.5B).  Microstructural examination revealed that the reaction occurred relatively 
uniformly throughout the sample in CP-Sn-0.16Ni whereas the reaction progressed 
from many fewer regions in HP-0.16Ni (Figure 7.6). 
A B 
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 Figure 7.6. Optical micrographs of typical microstructures after different times holding at 230°C. Left 
side: CP Sn-0.16Ni, right side: HP Sn-0.16Ni 
The transformation of eutectic NiSn4 sheets occurred in two stages: they coarsened 
first into tiles up to 40-60µm (Figure 7.7) and then transformed into Ni3Sn4. Newly 
formed Ni3Sn4 particles rarely shared a common interface with the parent NiSn4 and 
were instead separated by a region of β-Sn. This phenomenon is shown more in 
detail in Figure 7.7 for HP Sn-0.16Ni samples. It can be seen that after 2 hours at 
230°C NiSn4 tiles already formed in the bulk by coarsening and the thin NiSn4 
eutectic lamellae were still discernable (Figure 7.7A). After 18 hours at the same 
temperature NiSn4 tiles considerably increased to a size of ~40-50µm, the initially 
existing NiSn4 eutectic lamellae disappeared and Ni3Sn4 crystals of ~30-40µm formed 
in the bulk (Figure 7.7B). 
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 Figure 7.7. Optical micrographs of HP Sn-0.16Ni aged at 230°C for (A): 2 hours and (B): 18 hours 
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7.3.3. Decomposition kinetics of NiSn4 in the bulk of solder joints  
The microstructural changes during solid-state heat treatments of CP-Sn/Ni, HP-
Sn/Ni and CP-Sn/Alloy42 solder joints at 220°C for 72 hours are summarised in 
Figure 7.8. In all cases, the eutectic NiSn4 in the bulk of the solder can be seen to have 
transformed into β-Sn and Ni3Sn4, consistent with the microstructural changes 
during ageing of Sn-Ni alloys (section 7.3.1). 
 
Figure 7.8.  Cross-sections of as-soldered HP-Sn on HP-Ni (A); CP-Sn on CP-Ni (B) and CP-Sn on Fe-
42Ni (C) after selective etching of β-Sn; (B,D,F): typical microstructural changes after heat treatment 
at 220°C for 72 hours 
Figure 7.8 shows that, similar to the bulk alloys, there is a significant difference 
between the CP and HP alloys, with the Ni3Sn4 particles that form during ageing 
being much larger and fewer in HP solder joints. As can be seen from Figure 7.8B 
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Ni3Sn4 particles measure up to 60µm in length for HP Sn/Ni, whereas, for CP solder 
joints the Ni3Sn4 needle average size was about 6-10µm (Figure 7.8(D,F)). It was also 
found that NiSn4 decomposition for high purity solder joints commenced slower 
compared to the commercial purity joints and progressed non-uniformly in the bulk 
(Figure 7.8(B,D,F)).  
Figure 7.9 depicts a Time – Temperature – Transformation (TTT) diagram for CP-
Sn/Ni solder joints.  Each point is an observation of whether there was >95% NiSn4, 
a mixture of NiSn4+Ni3Sn4 or >95% Ni3Sn4 in the bulk solder. Quantification of the 
transformed fraction of NiSn4 eutectic as a function of time was not carried out for 
solder joints similar to bulk alloys (Figure 7.5), as the primary Ni3Sn4 crystals formed 
during soldering affected the quantitative results making them not reliable. 
However, visual inspection of polished cross-sections of aged solder joints allowed 
construction of the T-T-T diagram (figure 7.9). 
   
Figure 7.9.  Time-Temperature- Transformation diagram for eutectic NiSn4 in CP-Sn/Ni  joints 
All NiSn4 eutectic has at least begun transforming at temperatures of 120°C and 
higher, and the data suggest that for longer times (more than 6 months) NiSn4 
decomposition is likely to occur even at lower temperatures.  
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Similar to bulk Sn-Ni alloys (section 7.3.1), the transformation of the NiSn4 eutectic in 
solder joints proceeded in two stages: first it coarsened into tiles (Figure 7.10(B,D,F)) 
and only then it transformed into Ni3Sn4 and βSn. 
 
Figure 7.10.  NiSn4 eutectic coarsening in CP-Sn/Ni solder joints during ageing 
Table 7.1 summarizes the intermetallic + liquid and the solid state heat treatments 
carried out for both Sn-Ni bulk alloys and Sn-Ni solder joints on Ni-containing 
substrates (CP-Ni, HP-Ni, Alloy42 and ENIG substrates). The phases observed after 
the treatments are listed in the table. 
Table 7.1. Summary on stable phases in Sn-Ni bulk or solder joints at various temperatures 
Method Temperature, °C 
Bulk Sn-xNi alloys (initially 
contained primary and eutectic 
NiSn4 (sometimes primary 
Ni3Sn7)), where x = 0.03-0.45 
Sn-xNi/Ni solder joints (initially 
contained eutectic NiSn4) 
where x = 0-0.45 
Intermetallic 
+ liquid 
heat 
treatment 
300 
Ni3Sn4 + L - 
275 
250 
235 
231.5 
Solid state 
heat 
treatment 
230.5 Ni3Sn4 + β-Sn - 
230 Ni3Sn4 + β-Sn Ni3Sn4 + β-Sn 
220 Ni3Sn4 + β-Sn Ni3Sn4 + β-Sn 
200 Ni3Sn4 + β-Sn Ni3Sn4 + β-Sn 
180 - Ni3Sn4 + β-Sn 
150 Ni3Sn4 + β-Sn Ni3Sn4 + β-Sn 
120 Ni3Sn4 + β-Sn Ni3Sn4 + β-Sn 
100 - Ni3Sn4 + β-Sn 
75 - Ni3Sn4 + β-Sn 
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7.4. Discussion 
The only study available in the literature on the stability of non-equilibrium Sn-Ni 
compounds was performed by Haimovich [25], who studied the thermal stability of 
NiSn3 formed in electroplated Sn-Ni couples. Boettinger et al. [39] suspected this 
‘NiSn3’ to be the oC20-NiSn4 phase. Haimovich [25] found this phase to be 
metastable at all temperatures in the range 215-250ºC, transforming into Ni3Sn4 and 
Sn or liquid, similar to the isothermal holding experiments at 75-330ºC in the present 
Chapter (Figures 7.1-7.9). The Avrami exponent reported by Haimovich at 232ºC [25] 
is within a similar range to the present study: Haimovich measured n=1.5, whereas 
the CP Sn-0.16Ni had n=1.2 and the HP Sn-0.16Ni had n=0.95 (Figure 7.5). Figure 
7.11 compares findings in this chapter with the Avrami exponent reported by 
Haimovich at 232ºC. 
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Figure 7.11.  Avrami plot including Avrami exponent, n of data obtained in the present study and 
reported by Haimovich et al. (adopted from [123]) 
Whereas the Avrami exponents, n, are similar for NiSn4 decomposition in the 
present study and for NiSn3 decomposition reported by Haimovich et al. [123], it is 
difficult to extract a clear physical interpretation of the Avrami constants K and n 
(eq. 7.1-7.2). In theory, the exponent n has a value between <1 and 4 and reflects the 
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nature of the solid state transformation. There are alternative derivations that 
produce n with different values [152]. Generally, the n value depends on whether the 
transformation occurs from pre-existing nuclei or requires nucleation and whether 
nucleation occurs only at the start of the transformation or continually during the 
transformation.  The n value also depends on whether the transformation might be 
restricted to 1 or 2 dimensions and occurs in the bulk, surface, grain boundaries and 
point sites with possible saturation [152].  
Despite this complexity of the physical meaning of the value n, it is notable that the 
decomposition of NiSn4 at 230ºC (Figure 7.11) is at least one order of magnitude 
slower in the present study than in the work of Haimovich.  This is most likely due 
to the starting microstructure difference: Haimovich used NiSn3 powder scraped 
from the reaction layer between Sn-plated Ni whereas, in the present study, eutectic 
NiSn4 was in a Sn matrix with Sn-NiSn4 interfaces of low lattice mismatch.  
The reaction kinetics of HP and CP-Sn-0.16Ni at 230ºC differ by an order of 
magnitude (Figure 7.5), showing that alloy purity and the initial state can 
significantly alter the solid-state decomposition kinetics. Additionally a significant 
difference was observed for the size of Ni3Sn4 crystals forming in CP and HP alloys 
during NiSn4  Ni3Sn4 + β-Sn eutectoid transformation. Figure 7.8 depicts many 
fewer and much larger (almost one order of magnitude) Ni3Sn4 crystals formed in 
HP Sn/HP Ni solder joints during ageing (Figure 7.8B). Table 3.1 lists the impurity 
levels typical for CP Sn-Ni alloys produced for this study.  In order to reveal which 
particular impurity (or combination of impurities) might promote nucleation of 
Ni3Sn4 during solid state ageing and to understand the causes of such a large 
difference in Ni3Sn4 size, a large systematic investigation on impurities would be 
required.  This is beyond the scope of this thesis, and should be considered for future 
work. 
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7.5. Conclusions  
The key findings in this Chapter are summarised below: 
1. In all heat treatments at 120-330°C, NiSn4 and Ni3Sn7 transformed into Ni3Sn4 
and Sn or liquid after sufficient holding time, confirming that NiSn4 and 
Ni3Sn7 are metastable phases at these temperatures. 
 
2. The solid-state transformation of eutectic NiSn4 sheets occurred in two stages: 
they first coarsened into tiles up to 40-60µm in size and then transformed into 
Ni3Sn4 
 
3. During the decomposition of NiSn4 by the reaction NiSn4 → Ni3Sn4 + Sn, the 
newly formed Ni3Sn4 particles rarely shared a common interface with the 
parent NiSn4 and were instead separated by a region of β-Sn. 
 
4. The NiSn4 → Ni3Sn4 + Sn transformation kinetics were well-approximated by 
JMAK kinetics with an Avrami exponent close to unity.   
 
5. The kinetics were significantly slower in high-purity material than in 
commercial purity.  This seems to be related to Ni3Sn4 growing from many 
fewer regions in high-purity materials. 
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Chapter 8  
Interfacial zone evolution during ageing of Sn/Ni solders 
joints and electroplated couples 
 
8.1. Introduction 
Metastable Sn-Ni compounds are reported to form in Sn-Ni couples almost 
exclusively during heat treatments (Figure 2.4) [23-31, 33-37, 39, 123]. This Chapter  
investigates the evolution of the interfacial zone in Sn/Ni solder joints and 
electroplated couples during solid-state ageing under conditions similar to those in 
[23-31, 33-37, 39, 123], with the aim of understanding the causes of metastable Sn-Ni 
phase formation in couples.  
To date various publications report on non-equilibrium NiSn3, NiSn4, Ni3Sn8 and 
NiSn9 phase formation at the Sn-Ni interface in electroplated layers in the 
temperature range of 50-140°C [23-25, 28, 38, 39, 123].  There is a relatively good 
agreement on the conditions under which NiSn3 forms in the Sn/Ni electroplated 
layers [23-25, 28, 38, 39, 123], however, it is not clear whether NiSn3 is stable at 
T<100°C  or whether Ni3Sn4 forms and overgrows NiSn3 at all temperatures given 
sufficient time.  Additionally, the reported stoichiometry and the crystallography are 
not consistent and require further confirmation. The reported plate-like morphology 
[23-25, 39, 123] and the EBSD data [39] suggest similarities with the metastable NiSn4 
phase that forms in Sn-rich Sn-Ni solders during solidification with or without Ni 
substrate (as described in Chapters 5-6) and it needs to be confirmed whether it is 
the same phase. 
The reported rapid growth of the ‘NiSn3’ compound [25, 29] might cause reliability 
issues even at room temperatures. Providing long component storage, NiSn3 plates 
can grow to the surface of the Sn plating, oxidize and cause degradation of 
solderability of a component lead frame or a PCB metallization. Therefore, it is 
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important to understand the formation and growth of this interfacial intermetallic 
compound to prolong the shelf-life of Sn-Ni electroplated electronic components. 
8.2. Experimental 
Electrodeposited Sn/Ni diffusion couples were prepared by Silchrome Plating Ltd. 
(Leeds, UK). 100mm x 100mm x 0.5mm Cu sheets were first electroplated with a Ni 
layer (2-3µm) and then with a Sn layer (10-20µm).  The plating current density for Ni 
and Sn were 2A/dm2 and 1A/dm2 respectively.  Tinmac Stannolyte  and Nimac 
Stellar solutions were used for bright Sn and bright Ni electrodeposition 
respectively. The plated Cu sheets were then cut into 10x10mm coupons and stored 
at the following temperatures: 19±2°C, 50°C, 75°C, 100°C, 120°C, 150 and 180°C for 
different time intervals. 
Soldered Sn-Ni couples were prepared as described in section 5.2.1 using CP Ni 
substrates and CP-Sn solder. 
SEM-EBSD and TEM techniques used for crystallographic investigations were as 
previously described in sections 3.2.3.3 and 3.2.3.4 respectively, and specimen 
preparation for conventional SEM and optical investigations were as described in 
sections 3.2.3 and 4.2.5.  
For this Chapter, focussed ion beam (FIB) milling and polishing were performed 
using a Carl Zeiss Auriga 60 FEG-SEM with ion beam currents of 2-16nA used for 
milling and 600-200pA used for polishing.  
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8.3. Results and Discussion 
8.3.1. Crystallographic investigations of NiSn4 formed in electroplated layers 
Rapid growth of a plate-like Sn-Ni IMC phase was observed at the Sn/Ni interface 
in electroplated couples in the temperature interval of 20-75°C. This phase was 
present at the interface as submicron particles on delivery of the samples from 
Silchrome Plating Ltd., corresponding to a ‘heat treatment’ of only 3 days at room 
temperature since the electroplating was performed.  Figure 8.1B shows an example 
of the IMC layer developed at the interface after one week at 75°C. 
 
Figure 8.1. SEM images of (A): as-received electroplated Sn/Ni layers on Cu substrate and (B): the 
interfacial IMC layer formed at the Sn/Ni interface after 1 week ageing at 75°C (β-Sn was selectively 
removed) 
In order to compare this ‘plate-like’ Ni-Sn phase formed in electroplated Sn-Ni 
layers with previously reported NiSn3 [24, 25, 29, 123] and Ni3Sn8 [23] phases formed 
under similar conditions, SEM-EDX, SEM-EBSD and TEM methods were used. 
The EDX results gave a composition range of Ni-(75-80at%)Sn for the plate-like 
phase as summarised in Table 8.1.  The most Sn-rich measurements are ~80at%Sn, 
corresponding to NiSn4, and the most Sn-poor measurements are ~75at%Sn, 
corresponding to NiSn3 (Table 8.1).  It was therefore important to confirm whether 
these measurement points correspond to the same phase and to identify the phase(s). 
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Table 8.1. SEM-EDX results on the IMC phases observed at Sn-Ni interface in electroplated couples 
stored for 1 month at various temperatures 
Temperature 
interval, °C 
Number of 
particles 
studied 
 Sn, at% 
Ni, 
at% 
Proposed 
phase 
Stoichiometry, 
at% 
20-120 33 
Max Sn 
levels 75.1 24.9 NiSn3 
| 
NiSn4 
75:20 
| 
80:20 
Min Sn levels 79.9 20.1 
Mean 77.2 22.8 
St. dev. 1.17 1.17 
For the EBSD investigations, the ‘plate-like’ interfacial Ni-Sn phase was collected 
from the area of 1cm2. β-Sn was selectively etched from the 1 month stored at room 
temperature Sn/Ni couple and the interfacial reaction product was then scraped 
onto conductive carbon tape on an SEM stub.  A typical example of the resulting 
particles is shown in Figure 8.2A. 
 
Figure 8.2.  (A): ‘plate-like’ Sn-Ni phase on the SEM stub; (B): EBSP obtained from one of the particles 
in (A) and (C): solution of the EBSP as oC20-NiSn4 structure 
More than 20 EBSD patterns were collected and analyzed. The procedure used for 
EBSP analysis was similar to the procedure described in section 3.3.2.1, where 8 
diffraction bands of the highest intensity were used whilst measuring MAD. With 
this method, all EBSD patterns could only be successfully indexed as oC20-structure 
and were not indexable as any other known solution, similar to results in 3.3.2.1. The 
average MAD during fitting the collected EBSPs to the oC20-NiSn4 crystal structure 
was 0.38° (Table 8.2).  
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 Table 8.2. Phases used for the  assessment of the collected EBSPs  
Pearson 
Symbol 
Space Group 
(No.) 
Phase/ 
Prototype 
Mean 
MAD 
a; b; c lattice 
parameters, Å Ref. 
oC20 Aba2 (41) NiSn4 0.38 6.38; 6.42; 11.27 [39] 
tP10 P4/nbm (125) PtPb4 NI 6.67; 6.67; 5.98 [18] 
tI40 I41/acd (142) βIrSn4 NI 6.31; 6.31; 22.77 [112] 
      
Detailed investigation of the EBSD patterns showed systematic absences and the 
systematic presence of extra planes of low intensity corresponding to Sn atoms in the 
oC20-NiSn4 structure.  Figure 8.3 compares EBSD patterns from NiSn4 formed in 
electroplated couples with NiSn4 from solidification experiments in Chapters 3-7.   
As can be seen in Figure 8.3, in both cases, the (122) and (211) reflectors in the solved 
pattern (highlighted in red) are not present in the original EBSP. Additionally, the 
solution misses the bands highlighted in green (Figure 8.3(C-D)). 
 
Figure 8.3. (A) and (B)  correspondingly typical EBSD patterns collected from NiSn4 grew in 
electroplated layers and primary phase formed during solidification; (C) and (D) EBSD patterns 
solved as oC20-NiSn4, where the bands highlighted in red are missing in the original pattern and the 
bands highlighted in green are missing in the solution 
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Therefore, similar to NiSn4 that formed during solidification of Sn-rich Sn-Ni alloys, 
the NiSn4 that forms in electroplated layers during ageing also appears to be a 
superstructure closely related to the oC20-NiSn4 structure. TEM investigation was 
conducted to test this further. 
Figure 8.4A and C are TEM selected area electron diffraction patterns (SAEDP) along 
the [001] zone axis.  Figure 8.4A is from a NiSn4 crystal that grew in the electroplated 
layers, and Figure 8.4C is from a NiSn4 eutectic particle that grew during 
solidification of Sn-0.16Ni. The two patterns suggests crystallographic equality of the 
phases along the c-axis, with both containing primary diffraction peaks in the 
locations expected of the [001] zone axis of oC20-NiSn4 and both additionally 
exhibiting weaker diffraction spots between the primary peaks corresponding to a 
superstructure. Note that the superstructure peaks are absent in the simulated 
pattern in Figure 8.4D.  
 
Figure 8.4. TEM selected area electron diffraction patterns along the [001] zone axes (A): NiSn4 
particle in electroplated Sn-Ni layer, (B): DP as in (A) with labelled reflections (C): NiSn4 eutectic 
particle formed during solidification of Sn-0.16Ni and (D): simulated electron diffraction pattern of 
oC20-NiSn4 along the [001] axis  
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TEM diffraction pattern analysis yielded the following results for the lattice 
parameters of NiSn4 particles: a = 5.90-6.32Å and b = 6.05-6.40Å (6 SAEDP were 
analyzed in this study). This variation is likely to be attributed to the stoichiometry 
range observed for this phase. Table 8.3 summarises the lattice parameters of NiSn4 
formed under different conditions and compares them with the literature [18, 39]. 
Table 8.3. Measured and predicted lattice parameters for NiSn4 phase 
Phase Measured stoichiometry 
Lattice 
parameter 
a, Å 
Lattice 
parameter 
b, Å 
Lattice 
parameter 
c, Å 
Ref. 
NiSn4 formed during 
solidification  of Sn-Ni 
alloys 
81.2 : 18.8 6.25 6.29 - this work 
NiSn4 formed in Sn-Ni 
electroplated layers 
during storage 
79.9 : 20.1 
75.1 : 24.9 5.90-6.32 6.05-6.40 - 
this 
work 
NiSn4 formed in Sn-Ni 
electroplated layers 
during thermal-cycling 
80:20 6.38 6.42 11.27 [39] 
Theoretical prediction for 
oC20-NiSn4 
(density-functional 
theory) 
80:20 6.35 6.37 11.67 [18] 
 
These combined EDX, EBSD and TEM results show that interfacial NiSn4 in Sn-Ni 
electroplated couples are a superstructure closely related to oC20-NiSn4 and are the 
same phase as the NiSn4 that formed during the solidification of Sn-Ni alloys. The 
only difference is that the NiSn4 formed in electroplated layers has a composition 
range of 75-80at%Sn (as shown in Table 8.1) which suggests that this phase can 
accommodate an excess of Ni (a depletion of Sn). 
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8.3.2. Microstructural evolution in electroplated Sn-Ni layers during ageing 
8.3.2.1. Initial structure of plated layers 
Figures 8.1A and 8.5 demonstrate the structure of as-plated Sn-Ni layers. Figure 8.5A 
is a BSE image after FIB polishing. As can be seen, β-Sn grains measure ~0.5µm in 
width and they grew almost the entire distance from the Ni layer to the Sn layer 
surface (~20µm) as is common for electrodeposited tin films [153]. 
Figure 8.5B is a high resolution EBSD map of the Cu, Ni and β-Sn phases. A 250nm 
step size was used for the EBSD mapping, which is well above the theoretical 
resolution limit of ~20-30nm. Note that high resolution BSE-SEM imaging 
additionally showed the presence of submicron plates of NiSn4 at the interface with 
the Ni layer in the as-electroplated condition, but these plates are not resolved in the 
EBSD map in Figure 8.5B. The β-Sn and Cu phases are successfully indexed, but the 
Ni phase did not diffract with this technique, suggesting that the electrodeposited Ni 
is either amorphous or nanocrystalline.  
  
Figure 8.5. (A) BSE image of a FIB cross-section of as-electroplated layers, (B) EBSD map, (C) β-Sn 
orientation of grains labelled 1,2,3 in (B); (D) Inverse Pole Figure (IPF) colour map for  β-Sn in (B)  
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According to the literature, electrodeposition of Ni from a sulphamate electrolyte 
with use of saccharine  results in Ni grains of about 40nm in size [154], which is 
beyond  the resolution of the EBSD technique. The tin growth direction and grain 
size are known to be strongly influenced by the electroplating method [153, 155, 
156]. Figure 8.5B and C show that the deposition process described in section 8.2 
resulted in a β-Sn grain growth direction close to [001].  Figure 8.5B also contains a 
number of grains with pink/orange orientation.  Figure 8.6 shows that these are β-Sn 
twin grains corresponding to {101}Sn planes (57.2° twinning angle) and {301}Sn 
planes (62.8° twinning angle). The twin grain boundaries are shown as black lines in 
Figures 8.6B-C. The twin grains in the bulk of the β-Sn layer (Figure 8.6C) measure 
less than 1µm. The misorientation profile has a unimodal distribution with the 
twinning angle close to 62°. It is not clear whether the twins in the bulk formed 
during electroplating or during subsequent handling and sample preparation.   
 
Figure 8.6. (A): EBSD map, (B): β-Sn grains misorientation distribution in twinned area close to the 
surface of the layer and (C) β-Sn grains misorientation distribution in highlighted interfacial area 
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The twinned area close to the surface in Figure 8.6B, is highly likely the result of 
sample preparation. The misorientation profile in Figure 8.6B demonstrates a 
bimodal distribution of β-Sn grain boundary angles suggesting both types of twins: 
57.2° and 62.8°. The β-Sn growth texture is quantified in Figure 8.7.  The pole figures 
in Figures 8.7B and C show that the majority of β-Sn grains grow with [001] close to 
the substrate normal and that the β-Sn grains are rotated to a variety of angles about 
the [001] direction.  The colour scale in Figure 8.7C shows that the rotation about 
[001] is not random with peaks for certain orientations present in the [100] and [010] 
pole figures.  The Pole figures in Figure 8.7B show the β-Sn twinned grains as an 
annular ring near the mid-radius. The distribution of misorientation angles is plotted 
in Figure 8.7A. The relative frequency of the twinned grains (inset) shows that 62.8°, 
{301}Sn twinning is the dominant twinning mode in the as-plated Sn-Ni couples in 
this study.  
 
Figure 8.7. (A): Distribution of misorientations between β-Sn grains in as electrodeposited layer, (B) 
pole figures showing datapoints for the [100], [010] and [001] β-Sn directions.  (C) the pole figures 
from (B) plotted as a colour map.  The scale gives the density of datapoints at each point  
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8.3.2.2. Evolution of βSn during ageing of Sn-Ni electroplated layers 
The evolution of the βSn during ageing of the electroplated layers at different 
temperatures is summarised in Figures 8.8-10. The β-Sn columnar grains underwent 
only moderate growth during ageing (as shown in Table 8.4) from ~0.5µm width in 
the as-plated layer to ~1.2µm after 8 months at 100°C (T/Tm~0.74). No significant 
change in β-Sn grain size was observed after 8 months at room temperature. 
Table 8.4. Growth of β-Sn grains during ageing of Sn-Ni electroplated  layers for 8 month at different 
temperatures. Standard deviation is given in brackets 
Ageing 
temperature RT 50°C 75°C 100°C 
Grain size, µm 0.49 (0.01) 0.98 (0.05) 1.02 (0.06) 1.24 (0.07) 
 
Figure 8.8 are FIB-polished cross-sections of the couples after ageing for 6 months at 
various temperatures. Note that the entire thickness of the β-Sn and Ni are shown. 
 
Figure 8.8. BSE-SEM images of FIB-milled electroplated layers after 6 months at (A): room 
temperature, (B): 50°C, (C): 75°C and (D): 100°C 
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Figure 8.9 are EBSD maps of the regions in Figure 8.8. Only the β-Sn grains and Cu 
substrate are successfully indexed. The Ni layer remains amorphous or 
nanocrystalline during the heat treatments and, as the intermetallics grow, they 
consume it (Figure 8.9 (B-D)). An increase of β-Sn twinning occurred in the areas 
close to the free-surface of the electroplated β-Sn and close to the interface (Figure 
8.9). These twins correspond both to the {101}Sn planes (57.2° twinning angle) and 
{301}Sn planes (62.8° twinning angle) similar to the twins observed in as-plated 
layers. 
 
Figure 8.9. EBSD maps of the regions in Figure 8.8 with pole figures for β-Sn 
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Figure 8.10 are histograms of the misalignment of the [001]Sn direction with respect 
to the normal to the plated surface for the βSn grains in Figure 8.9.  
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Figure 8.10. (A)-(D): distribution of misorientation angles between the [001] zone axis in β-Sn and 
the normal direction to the surface after 8 month ageing at different temperatures; (E)-(H): β-Sn 
grains misorientation profile in the range 50-70°, emphasising the twinning mode 
It can be noted that there is a slight shift of the maximum peak from 6-8° for room 
temperature stored layers (Figure 8.10A) to ~10° for samples stored at higher 
temperatures. At the same time, the second peak(s) related to the β-Sn twins at 50-
70° become more significant after ageing. Close consideration of β-Sn misorientation 
A B 
C D 
E F G H RT 50°C 75°C 100°C 
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profiles generated by EBSD software in twinned areas (Figure 8.10(E-H)) showed 
that during ageing the bimodal twinning (57.2° and 62.8°) changed to unimodal. The 
62.8° {301} β-Sn twins became more dominant at higher temperatures. 
8.3.2.3. Intermetallic evolution during ageing of Sn-Ni electroplated layers 
Figure 8.11 shows examples of the Sn-Ni interfacial intermetallics after 1 month 
ageing at temperatures in the range 25-150°C. The images are taken from above after 
selective etching of β-Sn. After 1 month at room temperature (Figure 8.11A) the 
NiSn4 developed into plates measuring up to 150-200nm in thickness and up to 1µm 
in width. After 1 month at 50°C (Figure 8.11B), the NiSn4 plates have increased in 
thickness up to 300-350nm and the lateral dimensions increased dramatically, up to a 
few micrometres (Figure 8.11B). Higher temperatures or prolonged ageing time 
resulted in the nucleation of Ni3Sn4. Figure 8.11C shows the interfacial layer after 1 
month at 100°C where a mixture of NiSn4 and Ni3Sn4 are present. After 1 month at 
temperatures above 120°C only a Ni3Sn4 layer was observed and there was no 
interfacial NiSn4 (Figure 8.11D). 
 
Figure 8.11. SEM images of the interfacial IMC layers formed at the Sn/Ni interface in the 
electroplated couples after 1 month ageing at: (A) room temperature, (B) 50°C, (C) 100°C and (D) 
150°C 
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Further insights into the phenomena were gained by examining cross-sections of the 
interfacial region. Figure 8.12 demonstrates cross-sections of the interfacial layer in 
Sn/Ni couples subjected to 6 month heat treatments at temperatures in the range 25 - 
100°C. It can be seen that plates of NiSn4 grow at low temperature and, at higher 
temperature, Ni3Sn4 initiates at the interface with the Ni layer and, as it grows, it 
consumes the decomposing NiSn4. 
 
Figure 8.12. BEM images of the interfacial IMC layers formed at the Sn/Ni interface in the 
electroplated couples after 6 month ageing at: (A) room temperature, (B) 50°C, (C) 75°C  and (D) 
100°C  
Figure 8.13 shows the stages of Ni3Sn4 nucleation and growth in more detail. The 
Ni3Sn4 originates at the interface with the Ni plating creating a thin continuous 
(~200nm) layer over the Ni (Figure 8.13A), which then develops into larger Ni3Sn4 
crystals that grow into the β-Sn (Figure 8.13B). 
 
Figure 8.13.  Growth of Ni3Sn4 in electroplated Sn-Ni layers. (A): FIB milled cross-section showing 
initiation of Ni3Sn4 on top of the the Ni layer (6 month at 75°C) and (B): Ni3Sn4 growth into larger 
crystals (8month at 75°C) 
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Figures 8.11-8.13 show that the overall interfacial layer evolution in electroplated 
couples is complex and represents a net effect of: (i) nucleation and growth of NiSn4 
followed by (ii) nucleation and growth of Ni3Sn4 with (iii) simultaneous NiSn4 
decomposition and consumption by Ni3Sn4. То couple these combined effects with 
the ageing time and temperature in a simple way, a Time-Temperature-
Transformation (T-T-T) diagram was developed based on microstructural 
observations of the isothermal heat treatment results. The results are shown in 
Figure 8.14. 
 
 Figure 8.14. T-T-T diagram for NiSn4 decomposition in Sn-Ni electroplated layers 
As can be seen from the T-T-T diagram in Figure 8.14, after 6200 hours (~8.5 
months), Ni3Sn4 has nucleated and partially or fully consumed the NiSn4 layer at 
temperatures of 50°C and higher. Furthermore, the shape of the T-T-T diagram 
suggests that NiSn4 is likely to start transforming into Ni3Sn4 at room temperature 
provided longer ageing times. Thus, it can be concluded that NiSn4 is not a stable 
phase in the temperature range 25 - 150°C, which is consistent with the previous 
results in Chapter 7. 
Figure 8.14 shows that the transformation to a fully-Ni3Sn4 layer occurs more rapidly 
with increasing temperature, as expected. However, the kinetics of the NiSn4 IMC 
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layer growth were not analysed quantitatively in this Chapter for the following 
reasons. First, the plate-like morphology of the NiSn4 layer (e.g. Figure 8.13A) is 
poorly suited to conventional methods for IMC layer thickness quantification 
(similar to described in section 5.3.2). Second, it was not possible to accurately 
distinguish between Ni3Sn4 and NiSn4 in a quantitative manner at the high 
magnifications involved (see Figure 8.13B). Zhang et al. [8] quantified 'NiSn3' IMC 
layer growth in their study by measuring the growth front of 'NiSn3' tiles (i.e. 
assuming that all material is 'NiSn3' within a notional envelope bounded by the 
'NiSn3' tips in Figure 8.13A). Clearly this significantly overestimates the volume of 
'NiSn3' present which affects all subsequent quantitative analysis. Zhang et al. [8] 
acknowledged a high uncertainty of the method used, and fitted their experimental 
data on IMC layer growth kinetics to the square root power law (similar to equation 
8.1) and deduced the activation energy of 39.93 KJ/mol. However, this value is very 
close to the activation energy for Ni3Sn4 IMC layer growth as will be shown further 
in this Chapter and it is highly likely that the true activation energy for NiSn3 growth 
is much lower. 
It was also found in this study, that for temperature/time combinations when the Ni 
layer was completely consumed, diffusion of Cu from the substrate resulted in rapid 
growth of (Cu,Ni)6Sn5 IMC layer, which  quickly reached the surface (Figure 
8.15A,B).  
 
Figure 8.15. (A) and (B) OM and SEM images of IMC layers developed at the substrate interface 
when Ni barrier layer was consumed after 6 month at 150°C; (C) IMC layers developed after 8 month 
at 150°C and β-Sn eruption 
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A further phenomenon observed was Sn whiskering.  The T-T-T diagram in Figure 
8.14 shows the conditions under which Sn whiskers formed.  The morphology of the 
whiskers was β-Sn “hillocks” on the initial surface of β-Sn (Figures 8.15C and 8.16). 
The hillocks usually were single grains of β-Sn measuring up to ~70µm in width 
with crystallographic orientation inherited from one of the columnar grains in the tin 
electroplated layer (as suggested by EBSD results). 
 
Figure 8.16. β-Sn hillocks developed on β-Sn surface after 8 month at 150°C: (A) side view, (B-D) view 
from above  showing different stages of β-Sn eruption development 
As the observed growth of β-Sn hillocks belongs to one of the types of β-Sn 
whiskering which have been extensively researched in the past [155] and is not 
central to the aims of this thesis, no further study was performed to investigate the 
mechanism of their formation. 
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8.3.2.3. Relationship between β-Sn and NiSn4 in electroplated layers 
Based on EBSD investigations of NiSn4 plates similar to those in Figure 8.2A, it was 
concluded that NiSn4 crystals grow to have (001) as the largest facet and grow 
perpendicular to [001]. This is consistent with previous results for NiSn4 growth 
during solidification of Sn-Ni alloys described in Chapter 4. Analysis of multiple 
SEM images of NiSn4 IMC layer after selective removal of β-Sn (similar to Figure 
8.11B) suggested that NiSn4 crystals preserve their initial orientation during growth, 
and never branch. Occasionally, the impingement of NiSn4 tiles gives the impression 
of branching on 2-D sections (e.g. Figures 8.13A and 8.17B); however, 3D imaging 
confirmed that branching does not occur. Furthermore, NiSn4 crystals preserve their 
initial crystallographic orientation even when they grow through multiple β-Sn 
grains with different β-Sn orientations (e.g. Figure 8.9). 
During the research, it was noticed that NiSn4 plates did not grow with random 
orientation into the β-Sn. NiSn4 often grew normal to the interface (Figure 8.17A) 
and at angles close to 30° to the interface (Figure 8.17B). 
 
Figure 8.17. Examples of NiSn4 plates developed at electroplated Sn-Ni interface in samples stored 
for 6 month (A): at RT (SEM image) and (B): at 50° (BE image) 
The orientation of NiSn4 plates was found to influence the NiSn4 growth rate during 
the early stages of ageing and the NiSn4 dissolution/decomposition rate at long 
times and/or high temperatures. The NiSn4 plates growing at ~30° to the substrate 
grew slower and then survived longer than the ~vertical plates, which grew and 
decomposed much quicker. Figure 8.18 shows large ~30° NiSn4 plates that still exist 
in electroplated couples after 8 months at 75°C, whereas the vertical plates are 
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almost completely dissolved (they are indicated with black markers in Figure 8.18A). 
The nature of this phenomenon is rather unclear and needs to be investigated 
further. One possible cause is the anisotropy of β-Sn; in β-Sn, the diffusion 
coefficients of solute elements such as Ni, Au, Ag etc. are much higher along the 
[001] direction than along [100] and [010], [157]. According to Yeh et al. [157], the 
diffusivity of Ni in β-Sn has the highest anisotropic ratio among the other solute 
elements, with D along the c-axis at T = 120°C up to 7x104 times higher than along 
the a-axis of β-Sn. 
 
Figure 8.18. (A): IMC layer from above after selective removal of β-Sn featuring still existing large 
NiSn4 crystal grew at ~30° to the interface; (B): FIB-polished cross-section of a sample stored 8 
month at 75°C 
The angle between the (001) facet of NiSn4 tiles and the electroplated interface was 
measured for 183 particles and the data are plotted as a histogram in Figure 8.19A. It 
can be seen from the distribution that the most common NiSn4 growth angles are 
close to 80°, 30° and 60°. If one compares this distribution of growth directions of 
NiSn4 with the distribution of growth directions of β-Sn in Figure 8.19B, it may be 
noted that the ~80° NiSn4 tiles are close to the [001] direction in the β-Sn grains and 
that NiSn4 plates growing at ~30° to the interface are close to the {101} planes in β-Sn.  
As was shown in Chapter 4, the (100), (010) and {101} planes in β-Sn are involved in 
Sn-NiSn4 eutectic growth, forming low-energy interfaces with the (001) planes of 
NiSn4. In the case of electroplated couples, the following ORs are consistent with the 
histograms in Figure 8.19A-B: 
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OR1: (001)NiSn4||{101}Sn (~ 30° NiSn4 plates) 
OR2: (001)NiSn4||(100)Sn or (010)Sn (~ vertical NiSn4 plates) 
  
Figure 8.19. (A): Histogram of the misorientation between the [100] direction in NiSn4 and the 
substrate (measured for 183 plates), (B): Histogram of the misorientation between the 
[001]direction in β-Sn and the substrate (measured for >200 grains), (C) and (D) are the definition of 
the misorientation angle; and (E) and (F) are the derived Orientation Relationships (ORs) implied by 
the peaks in (A) and (B), showing common planes and directions in NiSn4 and β-Sn 
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The 60° angles in Figure 8.19A do not correlate with the low-energy Sn-NiSn4 
interfaces observed earlier, and correspond to {301} planes in tin which have 
significantly lower atomic density compared to low-index planes in OR1 and OR2. If 
NiSn4 nucleated and grew in one of the β-Sn twin grains (57.2° or 62.8°) at the 
interface, and provided it grew in accordance to the OR1 or OR2 stated above, it 
would still result in ~30° and ~90° NiSn4 growth directions with respect to the 
interface. β-Sn twinning associated with a ~60° rotation about the [100]Sn zone axis 
would rotate the planes involved in the ORs resulting in similar angles with respect 
to the interface as in non-twinned β-Sn grains. Thus, further research is required to 
explain the presence of the ~60° peak in the histogram in Figure 8.19A. 
The β-Sn-NiSn4 ORs deduced from the statistics of grain orientations in Figure 8.19 
can be compared with the observations of NiSn4 growth into β-Sn in Figures 8.8, 8.9 
and 8.20. Figure 8.20 shows a section parallel to the substrate in a region containing 
NiSn4 plates that have been growing into the β-Sn matrix for 3 months at 50°C. It can 
be seen that each NiSn4 plate is surrounded by numerous β-Sn grains and, therefore, 
there are numerous βSn-NiSn4 interface orientations. Additionally, Figures 8.8 and 
8.9 show that NiSn4 plates cross β-Sn/β-Sn grain boundaries as they grow. 
Therefore, NiSn4 does not maintain a special OR with β-Sn as it grows into the Sn 
layer and the ORs implied by Figure 8.19 most likely formed at the beginning of 
growth and correspond to the orientation relationships of nucleation. 
 
Figure 8.20. FIB-polished surface in the vicinity of the interface (cut parallel to the interface) showing 
NiSn4 particles surrounded my multiple β-Sn grains  
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An EBSD study of the orientation relationships between the developing Ni3Sn4 layer 
and the surrounding β-Sn grains has not found any reproducible ORs. Examination 
of the Ni3Sn4 growth facets in electroplated layers (e.g. Figure 8.21B) showed that 
Ni3Sn4 had multiple sub-micron facets with curvature inside the crystal. Thus, the 
Ni3Sn4 growth morphology produces βSn-Ni3Sn4 interfaces of a wide range of 
orientations rather than a preferred orientation relationship. 
 
Figure 8.21. (A) FIB-polished cross-section in the vicinity of the interface featuring Ni3Sn4 IMC layer 
on Ni plating and (B) Ni3Sn4 IMC layer from above after selective removal of β-Sn 
Previous crystallographic considerations in Chapter 4 suggested that the lattice 
disregistries between Ni3Sn4 and the dense atomic planes in β-Sn have large planar 
lattice mismatch, which would be at least 27% (unless "zig-zag" planes are 
considered). In contrast NiSn4 has planar lattice disregistry with β-Sn of ~5% whilst 
creating OR1 and OR2 described earlier in this Chapter. 
This might explain the initial growth of NiSn4 at the interface, as it would require 
lower activation energies for nucleation of the IMC layer due to lower energy 
interfaces developing during NiSn4 formation. 
This research allows us to propose the reasons for NiSn4 formation in electroplated 
Sn-Ni couples: During electroplating there is an interface between Ni and β-Sn 
which generates a thermodynamic driving force to form interfacial intermetallics. At 
low temperature the nucleation kinetics of the stable intermetallics is very slow, 
partly because β-Sn (as well as the Ni substrate) is not a good nucleant for Ni3Sn4, 
Ni3Sn2 and Ni3Sn phases due to the poor lattice match. Metastable NiSn4 can 
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nucleate on β-Sn at low temperature due to the low planar disregistry between 
(100)Sn||(001)NiSn4 and (101)Sn||(001)NiSn4. NiSn4 grows as the sole interfacial 
intermetallic until Ni3Sn4 nucleates.  Once NiSn4 and Ni3Sn4 coexist in the layer, 
Ni3Sn4 overgrows and consumes NiSn4 to give a fully Ni3Sn4 layer. 
8.3.3. Interfacial IMC layer development during ageing of Sn-Ni solder joints  
The development of interfacial intermetallics in electroplated Sn-Ni couples is next 
compared with the development of interfacial intermetallics during the ageing of Sn-
Ni solder joints. 
As described in Chapter 5, the only IMC layer found during soldering of Sn-Ni 
solders to Ni substrates was Ni3Sn4, and no other layers were detected within the 
resolution of the FEG-SEM. Figure 8.22 depicts typical examples of the initial IMC 
layer in as soldered Sn/Ni joints. The initial Ni3Sn4 crystal morphology is a mixture 
of needle-like and polygonal-faceted crystals (Figure 8.22).  
  
Figure 8.22. Ni3Sn4 IMC layer in as-reflowed Sn/Ni solder joints (A) and (B) side view, (C) view from 
the top after selective removal of β-Sn 
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The IMC layer thickness was determined by calculating the area of the Ni3Sn4 
crystals at the interface and dividing by the length of the layer. SEM images like 
Figure 8.22B were used for the measurements.   It was found that there is a natural 
variation in the as-soldered IMC layer thicknesses which depends on factors 
including the height of the β-Sn layer on top. It has been reported that the IMC layer 
growth kinetics during reflow are influenced by the solder joint size [34]. The 
difference in the tin layer thickness in 1x1cm Sn/Ni solder joints was attributed to 
uneven wetting of the Ni substrate. To minimize this effect, the average of at least 10 
SEM images of the IMC layer taken in different locations was used for the IMC layer 
thickness measurement.  
The mean initial Ni3Sn4 IMC layer thickness was 2.08 µm with a standard deviation 
of ±0.18µm (Figure 8.24). During ageing, the needle-like crystals in the Ni3Sn4 layer 
ripened creating a dense interfacial layer and simultaneously grew into the bulk 
solder (compare Figure 8.23 with Figure 8.22B). 
 
Figure 8.23. Ni3Sn4 IMC layer in Sn/Ni solder joint after 67 days at 120°C   
For each ageing time and temperature, the mean IMC layer thickness was measured 
and the data are summarized in Figure 8.24 as a plot of thickness versus the square 
root of ageing time.  The near-linear dependence (least squares method was used for 
the fit lines) of the Ni3Sn4 layer thickness vs t1/2 in Figure 8.24, is consistent with 
volume-diffusion controlled growth of the Ni3Sn4 layer (i.e. growth is governed by 
diffusion through the Ni3Sn4 lattice).  
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Figure 8.24. Thickness of the Ni3Sn4 IMC layer vs ageing time  
The parabolic constants (slopes of the linear fits in Figure 8.24, described earlier in 
equation 2.27) are summarized in Table 8.5.  Similar to past work on interfacial layer 
growth (e.g. [104-106]), the activation energy for Ni3Sn4 growth was found by 
assuming the parabolic constant, k, obeys an Arrhenius relationship with 
temperature : 
k = k0×exp(-Q/RT)     (8.4) 
where k0 is a pre-exponential factor, Q is the activation energy, R is the universal gas 
constant  and T is the temperature. Plotting ln k versus 1/T for all experiments, the 
value of activation energy was found to be 48.6 KJ/mol (Figure 8.25 and Table 8.5). 
Table 8.5. Parabolic constants, time exponents and activation energy describing Ni3Sn4 growth at 
different temperatures 
Temperature, °C 
Parabolic 
constant k, 
µm/h0.5 
Time exponent n 
calculated from 
Ni3Sn4 growth 
kinetics 
Activation 
energy, Q, kJ/mol 
75 0.013 0.38 
48.63 
100 0.04 0.42 
120 0.05 0.37 
150 0.21 0.48 
180 0.48 0.44 
200 0.89 0.51 
220 2.05 0.48 
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This Q value is within the range of activation energies reported in the literature as 
summarized in Table 2.6. There is a wide range of the reported Q for Ni3Sn4 growth 
of 30-140 kJ/mol.  Deviations between past studies and with the present results are 
likely to be due to different sample preparation methods used (soldering to Ni or 
ENIG substrates, diffusion bonding technique etc.) and to microstructural 
differences (e.g. IMC and βSn grain size and texture).  
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Figure 8.25: slope plot lnk vs. reciprocal of the absolute ageing temperature 1/T for the activation 
energy calculation 
Intermetallic layer growth kinetics rarely scale exactly with t1/2. To determine the 
best-fit time exponents, n, it was assumed that the relationship between the layer 
thickness and ageing time can be described by the following empirical power law: 
X = A×tn + X0      (8.2) 
Where X is the Ni3Sn4 layer thickness, A is a constant, t is the ageing time, n is the 
time exponent and X0 is the initial thickness of the Ni3Sn4 layer in the as-soldered 
condition. Equation 8.2 can be rewritten as follows: 
ln(X-X0) = nlnt +lnA       (8.3) 
Thus, the n values can be obtained from the slopes in plots of ln(X-X0) vs. lnt at each 
temperature. The time exponent values obtained in the present study are 
summarized in the plot in Figure 8.26A. The n values were measured to be in the 
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range 0.37 and 0.51.  There is significant scatter in our data for n vs. T in Figure 8.26A 
but there is a possible general trend of n increasing with increasing temperature 
from ~0.37 at 75°C to ~0.5 at 220°C.  Further work is required to prove this trend, 
although we note that higher temperatures cannot be used as the Sn becomes liquid 
and lower temperatures would require very long ageing times (years) to generate 
sufficient layer growth.  Figure 8.26B compares the results with past work on Sn/Ni 
solid state reactions, where the time exponent, n, is reported to be in the range of 
0.25-0.54 [34, 87, 93, 158-162].  There is no clear trend between n and temperature 
when considering all past work as a single dataset (Figure 8.26B).  However, the 
considerable variation in the data of different authors in Figure 8.26 is expected to be 
influenced by experimental differences (electro- or electroless plating; soldering or 
diffusion bonding etc.; as-soldered IMC grain size; βSn grain size and texture etc.).  
Unfortunately, these details are not commonly reported so a detailed comparison 
with past work is not possible. 
80 120 160 200 240
Temperature, °C
0.2
0.3
0.4
0.5
0.6
Ti
m
e 
ex
po
ne
nt
 n
CM Chen (2002)
HY Chuang et al. (2011)
HY Chuang et al. (2011)
G Ghosh (2000)
JW Yoon et al. (2002)
JW Yoon et al. (2003)
JW Yoon et al. (2003)
M. Mita et al. (2005)
WJ Tomlinson et al. (1987)
SJ wang (2004)
present study
Boundary diffusion with grain growth
of parabolic law
Volume diffusion
80 120 160 200 240
Temperature, °C
0.2
0.3
0.4
0.5
0.6
Ti
m
e 
ex
po
ne
nt
 n
Boundary diffusion with grain growth
of parabolic law
Volume diffusion
 
Figure 8.26. Time exponent n vs. temperature for Ni3Sn4 layer growth during solid-state ageing of Sn-
Ni solder joints. (A) the present study, (B) literature values compared with the present values 
In principle, it is possible to use the n values to deduce the IMC layer growth 
mechanism (e.g. grain boundary diffusion controlled (n = 0.25), volume diffusion 
controlled (n = 0.5) or reaction controlled (n = 1) etc.). In reality, the n take 
intermediate values and it is difficult to identify the growth controlling mechanism 
from the n value alone [163]. Tentatively continuing with this approach, the possible 
A B 
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trend of n increasing with increasing temperature (Figure 8.26) might be explained 
by n values of < 0.5 at low temperature being due to grain boundary diffusion 
dominating and n values of ~0.5 at higher temperature being due to volume 
diffusion dominating.  This interpretation is consistent with grain boundary 
diffusion being dominant over bulk diffusion at lower T/Tm but further work is 
required to test this idea.   
The ripening and grain growth of Ni3Sn4 during ageing is demonstrated in Figure 
8.27 in FIB milled samples.  
 
Figure 8.27. Ni3Sn4 IMC layer in Sn/Ni solder joints (A): as soldered, (B): 7 days, (C) 30 days and (D) 
184 days aged at 150°C 
As can be seen from Figure 8.27, the Ni3Sn4 needle-like crystals have almost 
completely disappeared after 7 days at 75°C, ripening to a smooth-faceted 
morphology very different from the Ni3Sn4 morphology observed during ageing of 
the electroplated Sn-Ni layers (Figure 8.21). The Ni3Sn4 layer consists of columnar 
grains closer to the Ni-Ni3Sn4 interface and larger, near-equiaxed grains at the 
Ni3Sn4-βSn interface (Figure 8.27).   
The Ni3Sn4 grain size at the Ni3Sn4-βSn interface was investigated after selective 
removal of β-Sn (Figures 8.28-8.29).  Due to the complex grain shape, a simple grain 
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size parameter of (1/N) was developed where N is the number of Ni3Sn4 grains in a 
100µm2 area. For the ~6 month heat treatments, ripening was only significant at 
150°C and was limited at 75-120°C (Figure 8.29).  Longer ageing times would be 
required to deduce the ripening mechanisms and activation energy. 
 
Figure 8.28. Top view of interfacial Ni3Sn4 layers after ageing at 75°C, 100°C, 120°C and 150°C (β-Sn 
was selectively removed) 
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Figure 8.29. plot of grain size parameter, 1/N, versus t1/2,where N is the is the number of Ni3Sn4 
grains per 100µm2 measured from the SEM images in Figure 8.28 
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The major difference between as-soldered and as-electroplated Sn/Ni couples is the 
presence of a Ni3Sn4 IMC layer in solder joints and a NiSn4 IMC layer in 
electroplated couples. The results suggest that this can be understood by considering 
the different conditions for the nucleation of the intermetallics.  In solder joints, the 
intermetallic nucleates at Ni/ liquid Sn interfaces. As reported in [164], despite a 
large Ni/Ni3Sn4 misfit, there is a reproducible OR between Ni and Ni3Sn4 after 
soldering, showing that Ni3Sn4 nucleates on Ni.  This is thought to occur because 
dissolution of the Ni substrate by the liquid during soldering microscopically 
roughens the Ni-liquid interface, allowing Ni3Sn4 to nucleate on the best fit crystal 
planes in Ni.  Since the best fit planes in Ni and Ni3Sn4 have a high planar lattice 
disregistry, the preferred OR has a large Ni/Ni3Sn4 misfit.  During subsequent 
cooling of solder joints the β-Sn phase forms and, since a stable intermetallic (Ni3Sn4) 
already exists at the interface, there is no driving force to nucleate a metastable NiSn4 
layer.  As the remaining liquid solidifies by a eutectic reaction, the metastable Sn-
NiSn4 eutectic grows due to the growth advantages discussed in Chapter 4. 
In contrast, in Sn/Ni electroplated couples the intermetallic nucleates at room 
temperature at the interface between Ni and (solid) β-Sn. The low planar disregistry 
between (100)Sn||(001)NiSn4 and (101)Sn||(001)NiSn4 renders the electrodeposited 
β-Sn a good nucleant for NiSn4 whereas the low temperature and high lattice misfit 
between Ni /Ni3Sn4 and β-Sn/Ni3Sn4 are a barrier to Ni3Sn4 nucleation.  Only with 
elevated temperature or long ageing time do Ni3Sn4 crystals nucleate and overgrow 
the metastable NiSn4. 
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8.4. Conclusions 
This Chapter has shown that metastable oC20-NiSn4 forms as the interfacial 
intermetallic during the ageing of electroplated Sn/Ni couples and Ni3Sn4 forms as 
the interfacial intermetallic during the ageing of Sn/Ni solder joints. The key 
findings are: 
1. oC20-NiSn4 forms in Sn/Ni electroplated layers at the interface during 
storage. In contrast to NiSn4 forming during solidification of Sn-Ni alloys, 
NiSn4 in electroplated couples has a stoichiometry range of Ni(75-80at%)Sn; 
2. It has been shown that the ‘NiSn3’ reported previously in electroplated Sn/Ni 
couples is in fact oC20-NiSn4 phase, which due to its stoichiometry range was 
determined as NiSn3 in previous studies [25, 123]; 
3. A TTT diagram has been constructed for NiSn4 in electroplated Sn/Ni layers.  
It suggests the start of NiSn4 transformation into stable Ni3Sn4 even at room 
temperature provided long holding times (>1 year); 
4. The results suggest that metastable NiSn4 forms in Sn-Ni electroplated layers 
because β-Sn is a good nucleant for NiSn4 and the barrier to nucleation of 
equilibrium Ni3Sn4 is high at low temperature. NiSn4 nucleated on 
electrodeposited β-Sn with low ~5% planar lattice mismatch on: 
OR1: (001)NiSn4||(100)Sn and (010)Sn 
OR2: (001)NiSn4||{101}Sn 
5. Equilibrium Ni3Sn4 formed in Sn/Ni solder joints because the interfacial 
intermetallic nucleated at high temperature on Ni-liquid interfaces. 
6. An ageing study on Sn-Ni solder joints gave kinetic constants and an 
activation energy for Ni3Sn4 layer growth (48.6 KJ/mol) with similar values to 
past work. 
7. The kinetic data hint at a time exponent that depends on temperature, with 
volume diffusion controlled growth at high temperature and grain boundary 
diffusion controlled growth at lower temperatures. However, further work is 
required to test this due to scatter in the data. 
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Chapter 9 
Conclusions and future work 
9.1. Conclusions 
Whereas past research occasionally reported non-equilibrium Sn-Ni compounds in 
Sn-Ni couples almost exclusively during solid state ageing, it has been demonstrated 
for the first time in this work that three NixSny intermetallics can form during 
solidification of Sn-rich Sn-Ni alloys: Ni3Sn4, NiSn4 and Ni3Sn7 instead of the 
expected one [6]. Ni3Sn4 is an equilibrium phase, whereas, NiSn4 and Ni3Sn7 are 
metastable phases.  In all performed heat treatments at 120-330°C, NiSn4 and Ni3Sn7 
transformed into Ni3Sn4 and Sn or liquid after sufficient holding time. It has been 
further shown that metastable NiSn4 can form in three different scenarios: (i) during 
solidification of Sn-rich Sn-Ni alloys, (ii) during soldering of Sn-Ni solders to Ni-
containing substrates and (iii) during storage of Sn-Ni electroplated couples.  
The thesis contains the most detailed study of the crystallography of NiSn4 
conducted to date.  It has been confirmed that this is an orthorhombic phase with 
lattice parameters a = 6.25Å and b = 6.29Å and that NiSn4 forms a superstructure 
that is closely related to oC20-NiSn4.  When forming during solid state heat 
treatments (electroplated Sn/Ni couples), NiSn4 appeared to have a composition 
range of 75-80at%Sn which suggests that this phase can accommodate an excess of 
Ni. It has been also shown that Ni3Sn7 is closely related to a dF8-structure with Im-
3m space group and Ir3Ge7 structure type with possible superlattice. 
NiSn4 formation during solidification of Sn-rich Sn-Ni alloys 
Ni3Sn7 has been found to form in trace quantities and only in a very narrow range of 
solidification conditions and composition, thus it was not a major focus of the 
research.  In contrast, NiSn4 formed as both a primary and a eutectic phase over a 
wide range of solidification conditions in commercial-purity and high-purity Sn-Ni 
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alloys containing 0-0.45wt%Ni. The research has suggested the following reasons for 
NiSn4 formation during solidification of Sn-Ni alloys:  
1. Growth advantages of NiSn4 over equilibrium Ni3Sn4. Both primary NiSn4 and 
Ni3Sn4 crystals have been observed to grow in Sn-Ni hypereutectic melts during 
solidification, with NiSn4 being promoted by an increased cooling rate. Comparison 
of growth ledges on NiSn4 and Ni3Sn4 growth facets suggest significant advantage of 
the interface attachment kinetics for NiSn4 compared to Ni3Sn4.  For example, 
nonfaceted growth ledges on the (001) facets of NiSn4 underwent a morphological 
transition from planar to cellular to dendritic ledges with increasing cooling rate, 
whereas Ni3Sn4 ledges were always planar and of low height. 
2. A low planar lattice disregistry (~5%) between NiSn4 and Sn. The Sn-NiSn4 
eutectic grew with an orientation relationship that suggests a high anisotropy in Sn-
NiSn4 interfacial energies, resulting in a strongly preferred interface with Sn during 
coupled growth. Two distinct reproducible ORs have been determined, both with 
low Sn-NiSn4 lattice disregistry: 
OR1: (001)NiSn4 ||(011)Sn and [110]NiSn4 || [111]Sn 
OR2: (008)NiSn4||(100)Sn and [110]NiSn4||[012]Sn 
3. FeSn2 crystals act as heterogeneous nucleation sites for NiSn4. The research has 
shown that, for impurity Fe-levels common in Pb-free solders, FeSn2 is usually the 
first solid phase to form during solidification and plays an important role in the 
formation of metastable NiSn4.  Similarly, when soldering to Fe-42Ni, FeSn2 is 
present as an interfacial layer prior to solidification of the bulk solder, and nucleates 
eutectic NiSn4. FeSn2 crystals act as heterogeneous nucleation sites for NiSn4, with an 
orientation relationship with the lattice mismatch of only ~2%: 
(001)FeSn2 || (001)NiSn4; [110]FeSn2 || [110]NiSn4 
The size of active FeSn2 nuclei has been found to be 2-10 µm. Even though, FeSn2 has 
been shown to promote the nucleation of NiSn4, the competitive growth between the 
Sn-NiSn4 and Sn-Ni3Sn4 eutectics is also important in phase selection in Sn-Ni alloys. 
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NiSn4 formation during soldering 
To date, most research on Sn-Ni solder reactions has focussed on the interfacial 
reactions with the substrate.  The present work has emphasised the importance of 
the bulk microstructure as well as the interfacial layers during soldering of Sn and 
Sn-Ni alloys to Ni, ENIG and Fe-42Ni substrates. It has been shown that the majority 
of eutectic that forms in the bulk solder during soldering of Sn and Sn-Ni alloys to 
Ni-containing substrates is Sn-NiSn4 and not Sn-Ni3Sn4 as would be expected from 
the equilibrium phase diagrams in the literature.   This has been missed in past 
research. At the same time, despite the fact that previous research occasionally 
reported non-equilibrium NixSny in the as-soldered interfacial layers between Sn and 
Ni [23-31, 33-37, 39, 123], the present study has not found any metastable phases in 
the reaction layers.  Instead, joints on Ni and ENIG substrates had a layer of Ni3Sn4 
on the Sn-side. 
Existence of the metastable Sn-NiSn4 eutectic in Sn-Ni-based solder joints is 
undesirable as it has been shown that even relatively low temperatures (75-120⁰C) 
cause its coarsening and transformation altering the solder joint microstructure. It 
would be necessary to study how decomposition of the NiSn4 phase into Ni3Sn4 and 
Sn impacts defect formation, such as voiding, and how newly formed Ni3Sn4 
particles alter the solder joint hardness, ductility, and overall reliability. Calculations 
show that the 3NiSn4  Ni3Sn4 + 8Sn phase transformation is associated with 
additional compressional stress caused, predominantly, by the formation of new β-
Sn, which is the phase of lowest density in the reaction.  
NiSn4 formation during storage of Sn-Ni electroplated couples 
Whereas previous research occasionally reported on NiSn3 [24, 25, 123], NiSn4 [39] 
and Ni3Sn8 [23] phases forming in Sn/Ni electroplated layers during ageing, it has 
been shown in this study that it is NiSn4 that forms in the Sn/Ni couples under the 
reported conditions and due to its compositional range of Ni(75-80at%)Sn it was 
reported as multiple phases.  
It has been concluded that metastable NiSn4 forms initially at Sn/Ni interfaces 
instead of the equilibrium Ni3Sn4 phase. This seems to occur because NiSn4 can 
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nucleate on β-Sn at low temperature (room temperatures) due to the low energy 
interfaces between NiSn4 and Sn, as two reproducible ORs were deduced during the 
NiSn4 growth: 
OR1: (001)NiSn4||(100)Sn  and (010)Sn 
OR2: (001)NiSn4||{101}Sn 
These low energy (low planar lattice disregistry) interfaces between NiSn4 and β-Sn 
are the same as those formed during coupled Sn-NiSn4 eutectic growth. 
Overall, the present research has made a significant contribution towards 
developing the understanding of microstructure formation in binary Sn-Ni alloys 
under both controlled solidification conditions and soldering conditions to a level 
similar to the Sn-Cu and Sn-Ag-Cu system. The thesis has built a foundation from 
which the understanding of solidification and soldering in the ternary Sn-Cu-Ni 
system can be developed. 
9.2. Suggestions for Further research 
The thesis has covered a broad spectrum of experimental research in the Sn-Ni 
solder system. During investigations, various additional questions beyond the scope 
of this work were naturally raised and are mentioned throughout the thesis. The 
most important suggestions for further research are described below. 
 
Determination of NiSn4 and Ni3Sn7 crystal structures 
As SEM-EBSD and TEM investigations suggested the existence of a superstructure in 
NiSn4, it would be beneficial to perform a full crystallographic investigation with 
single crystal XRD perhaps at a synchrotron source, in order to determine the exact 
crystallography of the phase. oC20-NiSn4 structure has been used throughout this 
work. However, as pointed out in Chapter 4, it is highly likely that layers of Sn 
atoms in the NiSn4 crystal are involved in one OR developing during coupled Sn-
NiSn4 eutectic growth. Assuming there is a different arrangement of Sn atoms in 
(008)NiSn4 planes of the superstructure, it will influence the stated planar lattice 
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disregistry at the NiSn4/Sn interface. Further research is required to provide more 
accurate results.  
Similar SEM-EBSD measurements suggested a superstructure in the Ni3Sn7 phase. 
This also requires additional study in order to determine the crystallographic 
structure of Ni3Sn7 phase more precisely. As Ni3Sn7 has been always observed 
enveloped by NiSn4, single crystal XRD may not be possible and a detailed TEM 
study maybe the only technique suitable for phase identification. In order to 
understand the crystallography of metastable peritectic L + Ni3Sn7  NiSn4 
transformation, more precise crystallographic data is needed on the Ni3Sn7 and 
NiSn4 phases.  
Microstructure formation in ternary Sn-Cu-Ni system 
The thesis has brought the understanding of the Sn-Ni solder system closer to that of 
the well-studied Sn-Cu system.  The foundations now exist from which the 
understanding of solidification and soldering in the ternary Sn-Cu-Ni system can be 
built with a view to developing next-generation Sn-Cu-Ni solders at Nihon Superior 
Co., Ltd.  The next step of the research is, naturally, the investigation of 
microstructure formation during soldering in the ternary Sn-Cu-Ni system. It has 
been shown in Chapters 4 and 5 that Cu impurities promote equilibrium Sn-Ni3Sn4 
eutectic growth and future work should determine the conditions for metastable 
NiSn4 formation in the Sn-Cu-Ni system. Furthermore, since NixSny and CuxSny 
intermetallics have strong mutual solubility of Cu and Ni, it is important to 
determine how solute (e.g. Cu in (Ni,Cu)3Sn4) influences intermetallic nucleation and 
growth at the solder substrate interface and in the bulk solder. 
 Additionally, as SAC alloys (Sn-Ag-Cu) are one of the most popular choices for 
electronics manufacturing, it would be valuable to explore the conditions of 
metastable NiSn4 formation in the quaternary Sn-Ag-Cu-Ni system.  
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Appendices 
 
Appendix 1: Invariant reactions in the Sn-Ni system 
Phase Reaction Composition  of the  respective phases (at% Sn) 
Temperature, 
 °C 
Ni3Sn 
 L ↔ (Ni) + Ni3Sn HT E 18.7 10.7 24.1 1139 
L ↔ HT L ↔ Ni3Sn HT C 25.8 25.8 - 1189 
HT↔ LT 
(Ni) + Ni3Sn HT ↔ Ni3Sn LT Pd 10.3 25.0 24.8 948 
Ni3Sn HT ↔ Ni3Sn LT + Ni3Sn2 HT Ed 25.7 25.5 37.8 911 
  L ↔ Ni3Sn HT + Ni3Sn2 HT E 28.0 26.3 36.7 1172 
Ni3Sn2 
L ↔ HT L ↔ Ni3Sn2 HT C 40.0 40.0 - 1280 
HT↔ LT 
Ni3Sn2 HT ↔ Ni3Sn2 LT’’ + Ni3Sn LT Ed 38.25 38.3 25.5 295 
Ni3Sn2 HT ↔ Ni3Sn2 LT’ + Ni3Sn4 Ed 44.0 42.7 53.0 409 
Ni3Sn2 HT ↔ Ni3Sn2 LT C 40.5 40.5 - 508 
HT + LT  
↔ LT 
Ni3Sn2 HT + Ni3Sn2 LT ↔ Ni3Sn2 LT’ Pd 41.1 41.3 41.15 ≈ 480 
Ni3Sn2 HT + Ni3Sn2 LT ↔ Ni3Sn2 LT’’ Pd 38.4 39.3 ≈39.0 300 
Ni3Sn4 
 Ni3Sn2 HT + (Sn) ↔ Ni3Sn4 P 44.0 81.0 53.0 798 
 L ↔ (Sn) + Ni3Sn4  E 99.67 100 57.0 231.15 
Where C is congruent; Pd is peritectoid; Ed is eutectoid; P is peritectic and E is eutectic reactions 
 
Data from: Schmetterer, C., et al., A new investigation of the system Ni-Sn. Intermetallics, 2007. 
15(7): p. 869-884 
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 Appendix 2: Available data for the Sn-Ni phase diagram with 
emphasis on the Sn-rich corner 
Proposed 
eutectic 
reaction 
Composition  of the 
respective phases 
(at% Sn) T
, °
C
 
Nature of 
investigation 
Purity of 
used 
materials 
Notes Reference 
L ↔ (Sn) 
+ Ni3Sn4 
99.67 100 57.0 231.15 
Experimental: 
XRD, DTA, EPMA 
and 
metallographic 
examination. 
99.999Sn 
99.99Ni 
L ↔ (Sn) + Ni3Sn4 
reaction observed at 
222 °; data from 
Massalski et al.  was 
accepted. 
Schmetterer 
et al. (2007) 
99.80 n/a 57.5 232 Calculated: CALPHAD - 
Experimental data 
taken from Heumann 
and Mikulas et al. 
Liu et al. 
(2004) 
99.66 99.99 57.14 231.1 Calculated: ThermoCalc - 
Experimental data 
taken from Mikulas et 
al., Gautier and  Guillet 
Ghosh 
(1999) 
99.67 100 57 231.15 Assessed based on reported data - 
Experimental data 
taken from Heycock, 
Vos , Mikkulas  and 
Heumann 
Nash and 
Nash (1985) 
    Experimental   Heumann (1943) 
Not 
detected - - - 232 
Experimental: 
cooling curve 
analysis, 
metallographic 
examination and 
XRD 
99.99Sn 
99.95Ni 
No eutectic phase was 
found. A smooth 
liquidus curve from 
232 to 793 °C where 
was reported 
Mikulas 
(1937) 
L ↔ (Sn) 
+ Ni3Sn2 
99.64 - - - 
Experimental 
cooling curves, 
segregation 
experiments 
  Hanson et al. (1934) 
98.7 100 57.37 229 Experimental  
Ni used in experiment 
contained 1.86% of 
cobalt, iron and copper 
Voss (1908) 
L ↔ (Sn) 
+ NiSn 99.9 100 67.0 230 
Experimental: 
cooling curve 
analysis, 
metallographic 
examination 
 
Ni used in experiment 
contained about 2% of 
cobalt, 0.46% of iron 
and traces of copper 
Guillet 
(1907) 
L ↔ ? 99.74 - - 230.82 Experimental   Heycock et al.  (1890) 
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 Appendix 3. Compositions in wt% of the starting materials: 
commercial purity Sn and commercial purity Sn-10Ni master alloy, as 
determined by XRF and ICP-AES  spectroscopy 
Cu,      
wt% 
Pb,      
wt% 
Ag,      
wt% 
Sb,      
wt% 
Bi,      
wt% 
Zn,      
wt% 
Fe,      
wt% 
Al,      
wt% 
As,      
wt% 
Cd,      
wt% 
Ni,      
wt% 
Ge,      
wt% 
CP Sn 
.002 .046 .001 .007 .002 ND .005 ND .002 ND .004 ND 
Sn-10wt%Ni master alloy 
.0007 .0326 ND .0057 .0116 ND .0041 ND .0016 ND 9.835 ND 
where ND refers to levels < 0.0002 wt% 
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 Appendix 4: Cooling curve analysis data 
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99.9 Sn 0.004 0.54 0.04 330 46 220.55 1.53 220.33 1.54 231.97 0.03 11.47 1.44 
C
la
y-
gr
ap
hi
te
 c
ru
ci
bl
e 
an
d 
B
N
 
co
at
ed
 s
ta
in
le
ss
 s
te
el
 m
ou
ld
 
Sn-
0.03Ni 0.030 0.55 0.05 322 39 225.16 1.38 224.87 1.38 231.75 0.02 6.88 1.38 
Sn-
0.07Ni 0.077 0.54 0.07 332 43 227.23 0.24 226.94 0.27 231.48 0.09 4.54 0.35 
Sn-
0.09Ni 0.078   331 26 227.51 0.64 226.97 0.48 231.37 0.1 4.4 0.56 
Sn-
0.12Ni 0.117 0.51 0.03 328 48 228.17 0.37 227.81 0.35 230.98 0.06 3.17 0.37 
Sn-
0.16Ni 0.160 0.55 0.02 303 27 229.07 0.31 228.26 0.15 230.97 0.27 2.73 0.17 
Sn- 
0.5Ni 0.375   312 51 230.09 0.37 229.53 0.18 231.23 0.11 1.69 0.24 
Sn- 
1Ni 0.452 0.54 0.04 310 22 231.01 0.21 229.41 0.14 231.19 0.03 1.78 0.1 
99.9 Sn - 0.28 0.01 122 4 221.13 1.08 220.69 1.13 231.97 0.04 11.27 1.15 
G
ra
ph
ite
 c
ru
ci
bl
e 
an
d 
gr
ap
hi
te
 m
ou
ld
 Sn-
0.03Ni 0.034 0.28 0.01 129 8 225.14 0.54 224.80 0.53 231.76 0.03 6.95 0.54 
Sn-
0.09Ni 0.084 0.28 0.01 145 3 227.12 62 226.86 0.65 231.20 0.03 4.35 0.67 
Sn-
0.16Ni 0.153 0.27 0.01 162 8 228.40 0.26 228.05 0.26 230.88 0.09 2.83 0.19 
Sn- 
0.5Ni 0.327 0.27 0.01 128 7 229.03 0.62 228.73 0.49 230.97 0.13 2.24 0.56 
Sn-
0.03Ni 0.382 0.27 0.01 147 3 228.78 0.26 228.62 0.19 230.84 0.19 2.22 0.11 
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